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Physical Medicine and Rehabilitation, Collagen Research Unit, Biocenter Oulu, University of Oulu,
P.O. Box 5000, FI-90014 University of Oulu, Finland 
Acta Univ. Oul. D 913, 2007
Oulu, Finland

Abstract
Genetic factors have been shown to have an important role in intervertebral disc disease. The
associations of known genetic risk factors and whole-body vibration, a proposed environmental risk
factor, for intervertebral disc disease (IDD) were evaluated. Eleven variations in eight genes
(COL9A2, COL9A3, COL11A2, IL1A, IL1B, IL6, MMP-3 and VDR) were genotyped in 150 male train
engineers with an average of 21-year exposure to whole-body vibration and 61 male paper mill
workers with no occupational exposure to vibration. The number of individuals belonging to the IDD
group was significantly higher among train engineers (42% of train engineers vs. 17.5% of sedentary
workers; p = 0.005). In addition, the IL1A-889T allele represented a risk factor for the IDD-
phenotype.

In order to clarify the role of genetic variations in the genes coding for several proinflammatory
mediators, hundred fifty-five Finnish individuals with IDD were analyzed for mutations in the genes
coding for inflammatory mediators IL-1α, IL-1β, IL-6 and TNF-α. In addition, sixteen single
nucleotide polymorphisms (SNPs) in inflammatory mediator genes were genotyped. An association
was identified between IDD and IL6 polymorphism +15T>A in exon 5 (p = 0.007). In addition, IL6
haplotype GGGA of -597G>A, -572G>C, -174G>C and +15T>A in exon 5 associated with IDD
(p = 0.0033).

A functional SNP in the CILP gene has been suggested to cause IDD in the Japanese population.
This functional variation was analyzed in 243 Finnish IDD patients and 259 controls, and in 348
Chinese individuals with degenerative MRI findings and 343 Chinese individuals with normal MRI.
No association was found in the Finnish and Chinese study populations.

In order to reveal chromosomal susceptibility loci and new candidate gene(s) for IDD a genome-
wide scan was performed on 14 Finnish families with 186 individuals. Genome-wide and fine
mapping analysis provided maximum two-point LOD scores of 2.71, 2.36 and 2.04 for chromosomes
21, 4, and 6, respectively. Second fine mapping confirmed the susceptibility of chromosome 21. Two
candidate genes, ADAMTS-1 and ADAMTS-5, were analyzed in the region suggesting linkage,
leading to the identification of thirteen sequence variations. However, none of the variations were
disease causing.

Keywords: genetics, inflammation, intervertebral disc disease, linkage analysis
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 Abbreviations 

ADAMTS a disitegrin and metalloprotease with trombospondin motifs 
AF  annulus fibrosus 
AGC1  aggrecan 
AR  population attributable risk 
bp  base pair   
cDNA  complementary DNA 
CI  confidence interval 
CILP  cartilage intermediate layer protein 
cM  centimorgan 
CMD  cartilage matrix deficiency 
COL  collagenous domain 
COL9A2 human α2(IX) collagen gene 
Col11a2  mouse α2(XI) collagen gene 
COPD  chronic obstructive pulmonary disease 
COX  cyklo-oxygenase 
CS  chondroitin sulphate 
CSGE  conformation sensitive gel electrophoresis 
CT  computed tomography 
ESRD  end stage renal disease 
FACIT  fibril-associated collagens with interrupted triple helices 
FDR  false discovery rate 
G  globular domain 
IDD  intervertebral disc disease 
IL  interleukin 
INFG  interferon gamma gene 
IVD  intervertebral disc 
kb  kilobase 
KS  keratan sulphate 
LBP  low back pain 
LCA  latent class analysis 
LDD  lumbar disc disease 



LOD  logarithm of odds 
LSS  lumbar spinal stenosis 
Mb  megabase 
MED  multiple epiphyseal dysplasia 
MMP  matrix metalloproteinase 
MRI  magnetic resonance imaging 
mRNA  messenger RNA 
NC  noncollagenous domain 
NP  nucleus pulposus 
NSAID  non-steroidal anti-inflammatory drugs 
OA  osteoarthritis 
OPLL  ossification of the posterior longitudinal ligament 
OR  odds ratio 
OSMED  otospondylomegaepiphyseal dysplasia syndrome 
PCR  polymerase chain reaction 
Pro  proline 
RA  rheumatoid arthritis 
SD  standard deviation 
SLR  straight leg raising  
SNP  single nucleotide polymorphism 
TGF  transforming growth factor 
TNF  tumor necrosis factor 
Trp  tryptophan 
VAS  visual analog scale 
VDR  vitamin D receptor 
VNTR  variable number of tandem repeat 
X  any amino acid 
Y  any amino acid 
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1 Introduction 

Intervertebral discs (IVDs) are the structural link between the vertebrae. They function as 
the joints of the spine, providing stability and allowing movement between the vertebrae. 
IVDs are composed of three different regions; the outer laminated annulus fibrosus, inner 
gelatinous nucleus pulposus, and the cartilaginous endplates. The IVDs are largely 
acellular, composed mainly of an extracellular matrix of collagens and proteoglycans. 
Collagen I accounts for about 70% of the dry weight of the annulus fibrosus, but is absent 
from the nucleus. Nucleus pulposus, on the other hand, is rich in collagen II, which 
accounts for about 20% of its dry weight. Small amounts of other collagens, more 
precisely types III, V, VI and IX, are found both in the annulus and nucleus, and type XI 
is present in the nucleus as a minor component. Proteoglycans, mainly a large 
aggregating aggrecan, account for only a few percent of the annulus, but comprise 
approximately 50% of the dry weight of the nucleus pulposus.  

Lumbar intervertebral disc disease (IDD) affects about 5% of the Finnish adult 
population, being one of the leading causes of disability in the working age population. 
Lumbar IDD is typically characterized by IVD herniation with sciatic pain radiating from 
the back to the leg, into the dermatome of the affected nerve root, but also includes 
symptomatic disc degeneration without sciatica. In comparison to the risk factors of self-
reported local low back pain (LBP), those of IDD have been relatively rarely studied. 
However, the role of several anthropometric and environmental risk factors, such as tall 
stature, obesity, occupational load, lifting heavy loads, motor vehicle driving, smoking, 
and mental distress, in the etiology of IDD has been implicated, however. Recently it has 
become evident from family and twin studies that genetic factors may play an important 
role in the etiology of IDD. This is further supported by the identification of several 
predisposing genetic risk factors. 

Collagen IX is a heterotrimeric protein composed of three genetically different α 
chains, α1(IX), α2(IX), and α3(IX), encoded by the COL9A1, COL9A2, and COL9A3 
genes, respectively. A Gln326Trp change in the α2 chain and an Arg103Trp change in the 
α3 chain of collagen IX have been identified in Finnish sciatica patients. An association 
between a variable number of tandem repeat (VNTR) polymorphism in another matrix 
protein, aggrecan, and lumbar disc degeneration was subsequently reported. Additionally, 
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variations in the matrix metalloproteinase-3 and vitamin D receptor genes have been 
reported to associate with disc degeneration. 

IDD also involves inflammation. Herniated IVDs have been shown to produce several 
proinflammatory factors, such as interleukin-1 (IL-1), IL-6 and tumor necrosis factor 
alpha (TNFα), and the role of inflammatory factors in sciatic pain has been suggested to 
be important. In addition, variations in IL1A and IL1B are associated with low back pain. 

Although numerous studies have been performed, the mechanism of IDD is not well 
understood. IDD is a common, multifactorial disease likely to be caused by several 
genetic and environmental factors. Even though the candidate gene strategy has been 
used to identify gene defects associated with IDD, the major disease-causing genes have 
not been identified. 

The goal of this thesis was to obtain more knowledge of the genetic basis of IDD and 
so gain a better understanding of the pathophysiology of the disease. Whole-body 
vibration, a suggested environmental risk factor for IDD, was shown to have an additive 
effect on the risk for IDD with previously identified genetic risk factors, particularly with 
the IL1A polymorphism. The role of inflammatory factors in IDD was suggested by 
identifying sequence variations in the IL6 gene, which associated with the disease. The 
role of defects in the cartilage intermediate layer protein (CILP) gene were shown to have 
a modest role in IDD in the Finnish and Chinese populations, in contrast to a previous 
Japanese study. In addition, the first putative susceptibility locus for IDD (on 
chromosome 21) found by linkage analysis was reported. 

 



2 Review of the literature 

2.1  Spine 

The vertebral column is composed of bony vertebrae and intervertebral discs. It extends 
from the base of the skull through the neck and trunk, all the way to the pelvis. The 
vertebral column gives the body structural support and enables trunk movements; flexion, 
extension, rotation, side bending, and the combinations of all these. In addition, the 
vertebral column gives protection to the spinal cord, nerve roots, and many internal 
organs. The spine consists of 33 vertebrae of which five sacral vertebrae are fused to 
form the sacrum and four coccygeal vertebrae are fused to form the coccyx. Due to this 
development, there are 24 actual movable vertebrae: 7 cervical, 12 thoracic, and 5 
lumbar. The structure of the vertebrae differs between the different segments, but the 
basic structure remains the same throughout the whole vertebral column. Although 
vertebrae vary in size; cervical being the smallest and lumbar the largest, vertebral bodies 
are the weight bearing structures of the spinal column, distributing body weight 
throughout the spine to the sacrum and pelvis. (Moore 1992.) 

Each vertebra consists of an anterior body and a posterior neural arch. The body of the 
vertebra is composed of spongy medullary bone surrounded by a dense bony cortex 
(Borenstein et al. 1995). The neural arch has two pedicles on its sides and a posterior 
lamina. The laminae are broad flat plates of bone that extend from the pedicles and, when 
they unite with the laminae of the vertebra below, form the roof of the vertebral foramen. 
A spinous process projects posteriorly from the place of union of the laminae and is 
typically palpable through the skin. In addition, four articular processes and two 
transverse processes arise from the vertebral arch (Figure 1). The body and the vertebral 
arch enclose the vertebral canal, which contains the spinal cord and its protective 
membranes, blood vessels, and nerve roots. (Moore 1992.) Nerve roots exit the vertebral 
canal through the intervertebral foramina, which is bordered inferiorly and superiorly by 
pedicles, anteriorly by the intervertebral disc and vertebral body, and posteriorly by the 
lamina (Borenstein et al. 1995). The inferior and superior surfaces of the vertebral body 
are covered by endplates that consists of a thin layer of hyaline cartilage. The endplates 
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have an important role in the nutrition of intervertebral discs as the nutritional substances 
reach the discs by diffusion through the endplate (Mirza & White 1995). 

Fig. 1. Structure of a lumbar vertebra 

The movable vertebrae give the vertebral column its flexibility. The stability of the 
vertebral column is provided by the intervertebral discs, ligaments, muscles, and the 
shape of the vertebrae. The intervertebral discs are the structural link between adjacent 
vertebrae, providing strong attachment between the bodies of the vertebrae (Borenstein et 
al. 1995). The vertebrae are also connected to each other by paired facet joints between 
the articular processes and by strong anterior and posterior longitudinal ligaments. These 
ligaments extend the length of the whole vertebral column and are attached to the 
intervertebral discs and vertebral bodies. (Moore 1992.) The anterior longitudinal 
ligament is a strong, broad fibrous band covering and connecting the anterior aspects of 
the vertebral bodies and intervertebral discs (Borenstein et al. 1995). Its fibers are firmly 
bounded to the surface of the intervertebral discs, and the periosteum of the vertebral 
bodies is thickest opposite the discs (Moore 1992). The posterior longitudinal ligament 
runs along the posterior side of the vertebral column within the vertebral canal 
(Borenstein et al. 1995). It has a characteristic appearance with extensions over to 
intervertebral discs, narrowing as it passes each vertebral body (Humzah & Soames 
1988). The posterior longitudinal ligament narrows down caudally (Borenstein et al. 
1995). In addition, a smaller, lateral ligament lies between the anterior and posterior 
longitudinal ligaments and passes from one vertebral body to another (Borenstein et al. 
1995). The laminae of adjacent vertebrae are joined by a yellow ligament (Netter 2003). 
These elastic and broad ligamenta flava attach to the anterior surface of the lamina above 
and extend to the posterior surface of the upper margin of the lamina below (Borenstein 
et al. 1995).  
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2.2  Intervertebral disc (IVD) 

IVDs are the most important structural links between adjacent vertebrae (Borenstein et al. 
1995). They function as the joints of the spine, allowing movements i.e. flexion, 
extension, lateral bending, and axial rotation and maintaining spinal stability (Urban & 
Roberts 1995). More importantly, the discs play a leading role in weight bearing (Moore 
1992). There are usually 25 IVDs between the vertebrae from the axis to the sacrum 
(Humzah & Soames 1988). Additional, poorly developed IVDs may be present between 
the bodies of sacral and coccygeal vertebrae in young persons, but these IVDs typically 
ossify with age (Moore 1992). 

Each IVD is composed of a laminated, fibrous annulus fibrosus surrounding a 
gelatinous nucleus pulposus, and the structure is situated between the cartilaginous 
endplates of the vertebrae above and below it (Borenstein et al. 1995). Annulus fibrosus 
is the fibrous rim of the IVD. It is composed of concentric lamellar fibrocartilage that 
runs obliquely from one vertebra to another (Moore 1992). It has been observed that the 
annulus consists of 15 to 25 layers of fiber bundles, depending on circumferential 
location and the spine level (Marchand & Ahmed 1990). The structure of the annulus is 
highly irregular, especially in the posterolateral regions (Mirza & White 1995). The 
lamellae are also thinner and less numerous posteriorly (Moore 1992). The nucleus 
pulposus is the soft, hydrophilic part of the IVD concentrated within the central zone 
(Humzah & Soames 1988). The nucleus comprises approximately 40% of the cross-
sectional area of IVDs (Borenstein et al. 1995).  

The IVD is the largest avascular tissue in the body (Mirza & White 1995). Nutrition 
takes place mainly by passive diffusion. Essential nutrients such as oxygen, glucose, 
amino acids, and sulphate are supplied to the disc by the blood supply at the IVD 
margins. These nutrients move from the surrounding capillaries to the disc cells. In the 
case of the nucleus, the distance may be up to 8 mm from the nearest blood supply. 
(Urban et al. 2004.) The most peripheral parts of the IVD receive a supply from the 
adjacent blood vessels as well (Humzah & Soames 1988). The nutrition supply of the 
IVD has been studied earlier with tracers in animals, but recently the development of 
magnetic resonance imaging (MRI) techniques has made it possible to investigate 
nutrient transport into the disc in animals and humans in vivo. It has been suggested that 
the loss of nutrient supply may lead to matrix degradation and consequently to disc 
degeneration. (Urban et al. 2004.) 

2.2.1  Collagenous components of IVD 

Collagens are a family of extracellular matrix proteins that have a major role in 
maintaining the structural integrity of various tissues. In addition, collagens are involved 
in cell adhesion, growth, differentiation, wound healing, and in many pathological states 
i.e. fibrosis. To date, 28 collagen types with at least 43 distinct polypeptide chains have 
been identified. Collagens are widely expressed in all tissues, especially in bone, tendon, 
ligament, skin, cartilage, and the vascular wall. The importance of collagens has been 
well established by the identification of more than 1300 mutations in collagen genes in 
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various diseases. The wide spectrum of clinical consequences of these mutations varies 
from an early lethal phenotype to a predisposition for a common disease. (Prockop & 
Kivirikko 1995, Myllyharju & Kivirikko 2001, Myllyharju & Kivirikko 2004, Veit et al. 
2006.) 

The collagen molecule consists of three polypeptide chains (α chains) that are each 
coiled into a left-handed helix and the three chains are then wrapped around each other to 
form a triple-helix. In some types of collagen all the α chains are identical, whereas other 
types of collagen are composed of two or three different α chains. In each chain every 
third amino acid is glycine, leading to a repeating Gly-X-Y sequence. The presence of the 
smallest amino acid, glycine, is essential for the triple-helix as a larger amino acid will 
not fit into the center where the three α chains come together. Proline is typically found in 
the X-position and 4-hydroxyproline in the Y-position, providing stability for the triple-
helix. In addition to collagenous domains, each collagen also has non-collagenous 
domains, which have been shown to have distinct important functions. The collagens are 
traditionally divided into two major subgroups, fibrillar and non-fibrillar. The latter is 
further divided into several smaller subgroups. (Prockop & Kivirikko 1995, Myllyharju 
& Kivirikko 2001, Myllyharju & Kivirikko 2004.) 

In an adult IVD, the collagen content is highest in the outer annulus, where it 
comprises from 70 to 80% of the dry weight. Further, in the nucleus the amount of 
collagen is around 20 to 30% of the dry weight. Approximately 80% of the IVD collagens 
are made of fibrillar type I and II collagens. Collagen II is dominant in the nucleus 
pulposus, whereas collagen I is concentrated in the outer annulus fibrosus. Other 
collagens that have been shown to be expressed in IVD are types III, V, VI and IX in the 
annulus fibrosus and types III, VI, IX and XI in the nucleus pulposus. Mostly these 
collagens are minor components and present in relatively small quantities. (Eyre 1988, 
Roberts et al. 1991, Urban & Roberts 1995, Eyre et al. 2002.) Table 1 presents the 
collagens of IVD and their amount and distribution. 

Table 1. Collagens of IVD 

Collagen Gene(s) Chromosomal location Expression in IVDa % of total collagena 

I COL1A1,  
COL1A2 

17q21.3-q22, 7q21.3-q22 AFb 0-80% depending on the 
radial zone 

II COL2A1 12q13-q14 AF, NPc 0-80% increase from outer 
rim to nucleus 

III COL3A1 2q24.3-q31 AF, NP Small amounts 
V COL5A1, 

COL5A2, 
COL5A3 

9q34.2-q34.3, 
2q24.3-q31, 
19p13.2 

AF ~3% 

VI COL6A1, 
COL6A2, 
COL6A3 

21q22.3, 
21q22.3 
2q37 

AF, NP ~10% in annulus and 15-
20% in nucleus 

IX COL9A1, 
COL9A2, 
COL9A3 

6q12-q14, 
1p32, 
20q13.3 

AF, NP 1-2% in both annulus and 
nucleus 

XI COL11A1, 
COL11A2, 
COL2A1 

1p21, 
6p21.2, 
12q13-q14 

NP ~3% 

aEyre 1988, Roberts et al. 1991, bAF; Annulus fibrosus, cNP; Nucleus pulposus  
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In the following, a more detailed description of three important IVD collagens, types II, 
IX, and XI, is presented. Collagen II is the major cartilage collagen and variations in 
collagens IX and XI have been reported to associate with low back disorders (Annunen et 
al. 1999, Maeda et al. 2000, Paassilta et al. 2001, Noponen-Hietala et al. 2003, Jim et al. 
2005). These three collagens form a heterotypic collagen fibril (see Figure 2) and 
associate with some non-collagenous components of cartilage, such as aggrecan (for 
review see Eyre 2002). 

2.2.1.1  Collagen II 

Collagen II belongs to the group of fibril-forming collagens and as is typical for this 
group, is synthesized as a procollagen monomer, assembled into molecular trimers, and 
processed extracellularly to remove the amino- (N) and carboxy- (C) terminal extension 
propeptides. It is expressed in cartilage, the vitreous humor of the eye, intervertebral 
discs, and inner ear. (Myllyharju & Kivirikko 2001.) Collagen II is composed of three 
identical α chains. The gene coding for COL2A1 is located on chromosome 12q13.11-
q13.12 and consists of 54 exons (Ala-Kokko & Prockop 1990, Takahashi et al. 1990, Ala-
Kokko et al. 1995). Type II procollagen can be expressed in two different forms. The two 
isoforms are due to alternative splicing of the COL2A1 gene; type IIA procollagen has an 
additional 207 bp of exon 2 that encodes 69 aminoacids containing the cystein-rich 
domain in the N-terminal propeptide of the procollagen (Ryan & Sandell 1990, Sandell et 
al. 1991). Type IIA procollagen is synthesized particularly in skeletal progenitor cells and 
non-cartilaginous embryonic tissue, whereas type IIB procollagen is predominant in 
cartilage tissue (Sandell et al. 1991, Oganesian et al. 1997). In the case of IVDs, type IIA 
mRNA was found in the developing pre-chondrogenic area that eventually becomes the 
articular endplate of the vertebral body as well as in the notochordal remnants of the 
vertebral column. Type IIB procollagen, on the other hand, was primarily found in the 
cartilaginous tissues of the vertebral body. (Sandell et al. 1991, Sandell et al. 1994, 
McAlinden et al. 2002.) 

Since collagen II is an important structural component of hyaline cartilage, several 
studies have been conducted in order to identify disorders that are linked to the protein. 
Mutations in the corresponding gene, COL2A1, have been found to cause several forms 
of chondrodysplasias that vary in severity from perinatal lethality (achondrogenesis II 
and hypochondrogenesis) to relatively mild forms of late onset arthropathies. In addition, 
collagen II has been suggested to have a role in osteoarthritis (OA). (Ala-Kokko et al. 
1990, Vikkula et al. 1994, Loughlin et al. 1995, Prockop & Kivirikko 1995, Kuivaniemi 
et al. 1997, Myllyharju & Kivirikko 2001, Kornak & Mundlos 2003, Löppönen et al. 
2004, Jakkula et al. 2005.) 

 Several transgenic mouse lines harboring mutations in the collagen II gene have been 
generated (Helminen et al. 2002). Two mouse lines, one expressing a murine Col2a1 
transgene with Gly85Cys mutation (Garofalo et al. 1991) and another expressing a 
human COL2A1 transgene with a large internal deletion (Vandenberg et al. 1991), 
developed phenotypes with the same features as human chondrodysplasias. In addition, 
the latter mouse line appeared to develop degenerative changes in the articular cartilage 
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similar to OA at the age of 15 months (Helminen et al. 1993). Mice with homozygote 
inactivation of the Col2a1 gene have been shown to have severe developmental 
disturbances of the bone and cartilage and they died during pregnancy or soon after birth 
(Li et al. 1995). Heterozygous inactivation led to a much milder phenotype with 
radiological and histological signs of premature vertebral endplate ossification and disc 
degeneration, softer articular cartilage, alterations in the collagen network, and reduced 
subchondral bone volume (Li SW et al. 1995, Sahlman et al. 2001, Hyttinen et al. 2001). 
In addition, these mice showed significant changes in bone fracture resistance and 
stiffness in the context of physical activity (Nieminen et al. 2005). One transgenic mouse 
line with a 150-bp deletion containing exon 7 and intron 7 has been produced. These 
Del1 mice had malfunction of the cartilage growth plates resulting in reduced size, 
retarded ossification, and disproportionate growth and they died at birth due to 
respiratory failure (Metsäranta et al. 1992). Del1 mice were also found to have abnormal 
shapes and proportion of the vertebral columns and IVDs (Savontaus et al. 1997) and 
abnormal craniofacial development (Savontaus et al. 2004). Recently, a human COL2A1 
Agr519Cys mutation was studied in the murine genome by replacing one or two alleles of 
the murine Col2a1 gene with a mutated human gene. All the mice had dysplastic changes 
in their long bones, flattened vertebral bodies, and osteoarthritic changes in the joints. In 
addition, the development of IVDs in the mice was highly disturbed and IVDs were 
degenerated. (Sahlman et al. 2004.) These findings support the essential role of collagen 
II in the development of healthy IVDs and its possible role in disc degeneration. 
However, the role of collagen II in disc degeneration in humans remains unclear. 

2.2.1.2  Collagen IX 

Collagen IX belongs to the group of fibril-associated collagens with interrupted triple 
helices (FACIT). These collagens do not form fibrils, but are located on the surfaces of 
the fibrils. Collagen IX is a heterotrimeric molecule composed of three α chains, α1(IX), 
α2(IX) and α3(IX), that are encoded by three distinct genes COL9A1, COL9A2 and 
COL9A3, respectively. The human COL9A1 gene has been mapped to chromosome 6q12-
q13 (Kimura et al. 1989, Warman et al. 1993), COL9A2 to chromosome 1p32.3-p33 
(Perälä et al. 1993), and the COL9A3 gene to chromosome 21q13.3 (Brewton et al. 
1995). Each α chain contains three triple-helical collagenous domains (COL1-COL3) 
flanked by four globular noncollagenous domains (NC1-NC4). Collagen IX has a unique 
attachment site for the glygosaminoglycan (GAG) side chain in the NC3 domain of the 
α2(IX) chain. Due to this property, collagen IX can be classified as a proteoglycan as well 
(McCormick et al. 1987). The NC4 domain of the α1(IX) chain is larger than the 
corresponding domain of the α2(IX) and α3(IX) chain. COL9A1 is composed of 38 
exons, whereas both COL9A2 and COL9A3 have 32 exons (Pihlajamaa et al. 1998, 
Paassilta et al. 1999a). The α1 chain of collagen IX has two alternative forms (Muragaki 
et al. 1990), the longer form with a large globular NC4 domain transcribed by an 
upstream promoter and the short form transcribed by an alternative promoter in intron 6 
(Nishimura et al. 1989). Generally, collagen IX is expressed in cartilage together with 
type II and XI collagens (Figure 2). The short form of α1(IX) is mainly expressed in the 
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cornea, while the long form is predominant in hyaline cartilage. In addition, the short 
form of α1(IX) has been found in the vitreous humor and in human and bovine IVDs. 
(Bishop et al. 1992, Nishimura et al. 1989, Eyre et al. 2002, Wu & Eyre 2003.) Mutations 
in the collagen IX genes have been reported in multiple epiphyseal dysplasia (Muragaki 
et al. 1996, Holden et al. 1999, Paassilta et al. 199b, Bönnemann et al. 2000, Lohiniva et 
al. 2000, Spayde et al. 2000, Czarny-Ratajczak et al. 2001, Unger et al. 2001, Nakashima 
et al. 2005), intervertebral disc disease (Annunen et al. 1999, Paassilta et al. 2001, Jim et 
al. 2005), lumbar spinal stenosis (Noponen-Hietala et al. 2003, Matsui et al. 2004), 
hearing loss (Asamura et al. 2005), and Stickler syndrome (Van Camp et al. 2006). 

Fig. 2. Schematic presentation of heterotypic collagen fibril of collagens II, IX, and XI. 

The role of the collagen IX molecule has also been studied in animal models. Altogether 
three transgenic mouse lines harboring mutations in collagen IX have been generated. A 
large heterozygote in-frame deletion in the α1(IX) chain, encoding a part of the COL3 
domain, the entire NC3 domain, and part of the COL2 domain, resulted in pathological 
changes resemling osteoarthritis (OA) and in the long-term follow up, development of 
progressive disc disease (Nakata et al. 1993). By the age of 18 to 20 months, the 
transgenic mice had more severe disc degeneration than the age-matched control mice 
and in addition, IVD herniations were observed in transgenic mice (Kimura et al. 1996). 
A mouse line with overexpression of the NC4 domain induced OA changes (Haimes et al. 
1995), while homozygous mutant mice lacking the entire α1(IX) chain were viable and 
had no severe abnormalities at birth, but developed degenerative joint disease resembling 
human OA later on (Fässler et al. 1994). In addition, a recent study reported homozygote 
knock-out mice that suffered from progressive hearing loss (Suzuki et al. 2004). 

2.2.1.3  Collagen XI 

Collagen XI belongs to the group of fibril-forming collagens and is similar in size and 
structure to collagens I, II, and III (Bernard et al. 1988). It is a heterotrimeric molecule 
that consists of three distinct α chains, α1(XI), α2(XI) and α3(XI), that all retain non-
triple-helical domains (Morris & Bachinger 1987). Studies found that the α3(XI) chain is 
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actually transcribed by the COL2A1 gene, but the α3(XI) is more post-translationally 
modified than the α1(II) chain (Eyre & Wu 1987, Wu & Eyre 1995). The three α chains, 
α1(XI), α2(XI) and α3(XI), are encoded by three distinct genes, COL11A1, COL11A2 and 
COL11A3/COL2A1, located on chromosomes 1p21 (Henry et al. 1988), 6p21.3 (Hanson 
et al. 1989, Law et al. 1990) and 12q13.11-q13.12 (Takahashi et al. 1990), respectively. 
The COL11A1 gene consists of 68 exons and spans over 150 kb (Annunen et al. 1999b). 
Altogether six alternative splicing variants were observed in the chicken proα1(XI) chain. 
Two differential splicing variants of human α1(XI) have been found, and therefore exons 
6 and 7, which are never present in the same mRNA, are numbered 6A and 6B, also 
known as IIA and IIB. (Zhidkova et al. 1995.) In the case of COL11A2, 66 exons have 
been identified with the gene spanning over 25 kb (Vuoristo et al. 1995). Exon 7 of the 
human α2(XI) collagen gene, encoding part of the amino-propeptide variable region, has 
been shown to be alternatively spliced (Zhidkova et al. 1995, Lui et al. 1996). 

The expression of collagen XI is closely associated with collagens II and IX, since 
collagens IX and XI are the minor constituents of cartilage. All of these collagens have 
been shown to be expressed in cartilage, the vitreous body of the eye, inner ear, and the 
nucleus pulposus of IVDs (Eyre & Wu 1987). Mutations in the genes coding for collagen 
XI have been reported to cause a wide spectrum of chondrodysplasias and other disorders 
in humans. COL11A1 mutations have been implicated in Stickler syndrome, Marshall 
syndrome, and Stickler-like syndrome. (Richards et al. 1996, Sirko-Osada et al. 1996, 
Griffith et al. 1998, Annunen et al. 1999b, Martin et al. 1999.) Mutations in the COL11A2 
gene also cause Stickler syndrome, but it is notable that ocular findings are absent in 
Stickler patients with mutations in this gene (Vikkula et al. 1995, Sirko-Osada et al. 
1998). This has been best explained by the finding that the COL11A2 gene is not 
expressed in the vitreous body; it is replaced by a chain encoded by the COL5A2 gene 
(Mayne et al. 1993). In addition, mutations in COL11A2 have been found in 
otospondylomegaepiphyseal dysplasia (OSMED) and nonsydromic hearing loss (Vikkula 
et al. 1995, McGuirt et al. 1999, Melkoniemi et al. 2000). Two spinal disorders, 
ossification of the posterior longitudinal ligament of the spine (OPLL) and lumbar spinal 
stenosis (LSS), have been reported to associate with a COL11A2 variation (Maeda et al. 
2001a, Maeda et al. 2001b, Noponen-Hietala et al. 2003). 

Two mouse lines with mutations in the genes coding for collagen XI have been 
produced. Mice with autosomal recessive chondrodysplasias (cho) appeared to be 
functional knock-outs, as they had a deletion in the gene coding for the collagen α1(XI) 
chain, resulting in premature termination of translation. Cho mice typically die at birth 
and have abnormalities in the cartilage of limbs, ribs, mandible, and trachea. Limb bones 
of cho/cho are wider at the metaphyses than normal bones and only about half of the 
normal length. (Li Y et al. 1996.) Heterozygosity for the cho mutation in Col11a1 have 
been shown to result in the development of OA in the knee and temporomandibular joints 
supporting the importance of collagen α1(XI) in the pathophysiology of OA (Xu et al. 
2003). Also, a Col11a2 knock-out mouse line has been produced. The phenotype of these 
mice was milder than that of cho mice and resembled the phenotype observed in patients 
with Stickler syndrome and OSMED. (Li Y et al. 2001.)  
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2.2.2  Noncollagenous components of IVD 

IVD contains several proteoglycans in its extracellular matrix. While proteoglycans 
account for only a few percent of the dry weight of the annulus fibrosus, they account for 
as much as 50% of the dry weight of the nucleus pulposus. A large proteoglycan, 
aggrecan, is predominant in IVD, being present both in the annulus and nucleus. Smaller 
amounts of other matrix proteins, including elastin, fibronectin, versican, decorin, 
biglycan, fibromodulin, lumican and perlecan, have been found in IVD as well. The small 
proteoglycans, such as biglycan and decorin, show regional differences and are more 
abundant in the annulus. (For reviews see McDevitt 1988, Urban & Roberts 1995, and 
Roughley 2004.) 

2.2.2.1  Aggrecan 

Aggrecan is one of the major components of cartilage. It binds to hyaluronan and link 
protein, forming huge aggregates. These aggregates lead to a hydrated, gel-like structure 
of cartilage and have an important role in resisting compressional forces. (Yanagishita 
1993, Watanabe et al. 1998.) Aggrecan, like other proteoglycans, is composed of a core 
protein and glycosaminoglycan chains that covalently bind to it. The core protein of 
aggrecan has a molecular mass of approximately 230 kDa, whereas the molecular mass 
can increase up to 2200 kDa with several glycosaminoglycan chains attached to the core 
protein. The gene coding for the aggrecan core protein, AGC1, has been mapped to 
chromosome 15q26.1 (Korenberg et al. 1993) and consists of 19 exons, of which exon 1 
is non-coding (Doege et al. 1991, Valhmu et al. 1995). The core protein is composed of 
three globular domains (G1, G2 and G3) and a large central core with two 
glycosaminoglycan attachment domains, keratan sulphate (KS) and chondroitin sulphate 
(CS) domains (Figure 3), located between the G2 and G3 domains (Watanabe et al. 
1998). Approximately 30 KS chains and over 100 CS chains are attached to this large 
central core. The most N-terminal globular domain, G1, is non-covalently bound to 
hyaluronan by a link protein (Hardingham & Fosang 1992). 

Mouse cartilage matrix deficiency (cmd) is a natural knock-out of the aggrecan gene, 
caused by a 7-bp deletion in exon 5 coding for part of the G1 domain (Watanabe et al. 
1994). Homozygote cmd mice are characterized by dwarfism, short snout, and cleft 
palate and die shortly after birth due to respiratory failure. The heterozygote mice appear 
normal at birth, but they develop slight dwarfism and spinal misalignment about one year 
after birth (Watanabe et al. 1997). In the follow-up, these mice suddenly exhibited spastic 
gait and showed decreased movement. Histological examination revealed degenerative 
changes of the cervico-thoracic spine, deformation of vertebral bodies, and herniated 
IVDs that are likely to cause the spastic gait (Watanabe & Yamada 2003). 

A lethal chicken mutation, nanomelia, leads to a premature stop-codon in the chicken 
aggrecan gene and has been shown to result in a deficiency of aggrecan. Nanomelia 
causes shortened and malformed limbs and death in chicken embryos (Landauer 1965, 
Pennypacker & Goetinck 1976, Vertel et al. 1993). 
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Fig. 3. Schematic presentation on the structure of aggrecan (modified from Ala-Kokko 2002 
with the permission of Annals of Medicine). 

2.3  Intervertebral disc disease (IDD) 

Lumbar IDD is a common musculoskeletal disorder with a clearly multifactorial 
background. IDD, also referred to as lumbar disc disease or lumbar disc syndrome, is 
typically characterized by IVD herniation and sciatica, defined as pain radiating from the 
back into the dermatome of the affected nerve root along the femoral or sciatic nerve 
trunk. Sciatica is often accompanied by neurosensory and motor defects, typically 
dermatomal leg pain, numbness, and weakness. (Frymoyer 1988.) Although sciatic pain 
can be caused by a number of factors, i.e. recess stenosis, epidural hemorrhage and 
tumors, herniated IVD is the most common cause of it (Heliövaara et al. 1987, Frymoyer 
1992). The specific factors causing IDD are still largely unknown. It is known that the 
degenerative process of IVD often results in disc herniation. On the other hand, it has 
been shown that herniated nucleus pulposus often leads to decreased disc height and disc 
degeneration (Matsui et al. 1998). Disc degeneration can, however, occur without 
herniation and can also be seen in asymptomatic individuals (Borenstein et al. 2001). As 
the nucleus pulposus extrudes, it may compress the nerve root mechanically as well as 
induce an inflammatory irritation of the root (Saal 1995, Kang et al. 1996, Takahashi et 
al. 1996, Benoist 2002, Takahashi et al. 2003). 

2.3.1  Clinical outcomes and radiological findings 

The typical feature of IDD is sharp, burning pain radiating below the knee and is often 
associated with numbness and weakness of the leg. Nerve dysfunction may be present 
both in sensory and motor modalities (Frymoyer 1988, Olmarker et al. 2004). In a classic 
case of IDD, pain may be felt only in the low back at the beginning, but as the disease 
progresses, leg pain increases and overshadows the lower back pain (Bendix 2004). As 
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much as 90% of the patients with sciatica have disc herniation at the L4-L5 or L5-S1 
level (Frymoyer 1988). The clinical diagnosis of sciatica is based on medical history and 
careful physical examination. It has been established that the most important clinical 
feature is the predominant leg pain (Frymoyer 1988, Vroomen et al. 2002). Other typical 
diagnostic features are dermatomal distribution of the pain, the presence of the 
dermatome-specific abnormalities of reflex, sensory and motor functions, and 
reproduction of the pain upon stretching of the nerves in the spine with tests such as the 
straight leg raising test (SLR), also known as the test of Lasègue (Frymoyer 1988, 
Andersson & Deyo 1996, Vroomen et al. 2002). In addition to clinical examination, the 
most relevant information can be obtained by listening to the patient (Vucetic et al. 
1999). 

Further support for the clinical diagnoses can be provided by imaging studies. 
Computed tomography (CT) and magnetic resonance imaging (MRI) are widely used and 
accurate tools for non-invasive diagnosis of lumbar disc abnormalities. It is, however, 
notable that MRI findings do not always correlate with the symptoms. It has been 
established that not all symptomatic individuals have abnormal MRI findings (Boden et 
al. 1990, Herzog 1996). On the other hand, a relatively high prevalence (20-76%) of 
lumbar disc abnormalities, such as IVD degeneration and herniation, in MRI has been 
observed in asymptomatic individuals (Boden et al. 1990, Jensen et al. 1994, Boos et al. 
1995, Boos et al. 2000). Furthermore, abnormal MRI findings in asymptomatic 
individuals did not predict the development of low back pain in a seven-year follow-up 
study (Borenstein et al. 2001). However, disc extrusions or multiple level herniations are 
not normally found in asymptomatic individuals (Jensen et al. 1994, Weishaupt et al. 
1998). In the context of these results, MRI and CT findings should be evaluated together 
with the patient’s history, physical examination, and other diagnostic tests (Herzog 1996). 

2.3.2  Prevalence of IDD 

Several international surveys have reported the lifetime prevalence of low back pain 
(LBP) to vary between 60% and 80%, with a point prevalence of 15% to 30% and an 
annual incidence of about 5% to 20% (Frymoyer 1988, Frymoyer 1992, Nachemson 
2004). The exact prevalence of IDD is not known, but the lifetime prevalence of sciatica 
has been estimated to be approximately 40% with a corresponding annual incidence of 
1% to 5% (Frymoyer 1992, Nachemson 2004). 

The prevalence of lumbar disc syndrome (herniated disc or typical sciatic pain) has 
been best estimated in the Finnish population by a large population survey with clinical 
criteria of radicular pain (Heliövaara et al. 1987). The study was part of the Mini-Finland 
Health Survey with a sample of 8000 persons (3637 men and 4363 women) aged 30 or 
over. The prevalence of IDD (corresponding to lumbar disc syndrome) was higher in men 
(5.1%) than in women (3.7%), and a peak in the fourth and fifth decades of life was 
noticed in both sexes. IDD limited daily activities at least slightly in 56% and severely in 
5% of the subjects that met the diagnostic criteria for the disease, and it was estimated 
that 6% of the work disability was due to IDD. (Heliövaara et al. 1987.) Epidemiological 
studies have reported prevalences of 1% to 40% in other populations, and clinically 
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significant sciatica has been said to occur in 4% to 6% of the US population (Deyo & 
Tsui-Wu 1987, Svensson & Andersson 1989, Frymoyer 1992, Nachemson 2004). 
According to the study by Heliövaara et al. (1987), about half of the patients with IDD 
needed long-term medical care and altogether 21% had been operated on because of their 
back condition. The corresponding estimates for operation rates from other surveys vary 
from 5% to 20% (Deyo et al. 1990, Frymoyer 1992, Saal & Saal 1998). Rates of back 
surgery vary between countries, and in addition considerable regional variations have 
been reported in several countries. In Finland, altogether 25366 patients with herniated 
lumbar discs underwent a subsequent lumbar operation between the years 1987-1995. 
During these years, the rate of lumbar disc surgery increased by 54%. (Keskimäki et al. 
2000.) 

2.3.3  Constitutional and environmental factors 

Several constitutional and environmental risk factors for sciatica, LBP, and disc 
degeneration have been reported. Several studies have shown that men are 1.5 to 3 times 
more often affected than women, suggesting the male gender to be a predisposing factor 
for the disease (Heliövaara 1989, Frymoyer 1992). However, these differences are 
relatively small in absolute terms. Another typical feature for IDD is a relatively high age 
of onset. IDD can occur before the age of 20, but it typically reaches its peak in the fourth 
and fifth decade of life. At a young age, herniations occur more often at the L5-S1 (or L4-
L5) level, while with increasing age the herniations occur more frequently at higher 
levels, such as L3-L4 and L2-L3 (Heliövaara 1989, Frymoyer 1992, Borenstein 1995). 
Height seems to be a predisposing factor for IDD in both genders. The relative risk for 
tall men (>179 cm) was 2.3 and for tall women (>169 cm) 3.7 compared to individuals at 
least 10 cm shorter (Heliövaara 1989). However, the role of height as a risk factor of IDD 
is controversial (Kelsey et al. 1984). Similarly, obesity, smoking, physical activity, 
injuries, and physical and mental stress have been suggested as risk factors of IDD 
(Frymoyer et al. 1980, Heliövaara 1989, Frymoyer 1992, Miranda et al. 2002, Kaila-
Kangas et al. 2003). Occupational factors including motor vehicle driving, whole-body 
vibration, lifting heavy loads, and torsional stress have been repeatedly reported as 
predisposing to low back pain and IDD (Damkot et al. 1984, Heliövaara et al. 1987, 
Heliövaara 1989, Manninen et al. 1995, Bovenzi & Hulzhof 1999, Hartvigsen et al. 2001, 
Kerr et al. 2001, Leino-Arjas et al. 2002, Leclerc et al. 2003, Palmer et al. 2003). 
However, controversial results have also been reported on the role of whole-body 
vibration in disc damage (Videman et al. 2000, Battié et al. 2002).  

2.4  Disc degeneration 

Degenerative changes of the intervertebral disc occur as a natural part of aging. Despite 
intensive research, the sequelae of progression of catabolic changes and especially the 
association of these events with pain production remain unclear. Underlying causes of 
disc degeneration include genetic inheritance, age, inadequate metabolite transport, and 
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loading history, all of which can weaken IVDs to such an extent that structural failure 
occurs during the activities of daily living (Adams & Roughley 2006). Disc degeneration 
may lead to chronic pain, and it has been estimated that over 90% of surgical spine 
procedures are performed because of consequences of the degenerative process. The 
clinical consequences of disc degeneration include disc herniation, spinal stenosis, and 
degenerative spondylolisthesis (An et al. 2004). The principal biomechanical change in 
disc degeneration is the loss of proteoglycans and hence loss of water particularly in the 
nucleus pulposus (Adams et al. 1977, Lyons et al. 1981, Freemont et al. 2002, Holm & 
Holm 2004). With increasing age, the proportion of noncollagenous proteins increases 
and the structure of aggrecan changes as the ratio of keratin to chondroitin sulphate 
increases (Eyre et al. 1991, Urban & Roberts 1995). Although many factors contribute to 
the initiation of the degenerative process, the main contributor has been suggested to be 
the decreased nutrition that leads to decreased disc height and endplate changes and a 
decrease in the nutrition of the nucleus (An et al. 2004).  

MRI is the most commonly used method to reveal degenerative changes of the IVD. 
Disc degeneration can be typically identified as loss of disc height, increased bulging and 
loss of signal in MRI, signifying to decreased hydration (Modic et al. 1988, Urban & 
Roberts 1995). Several classification methods for degenerative MRI changes have been 
developed (Schneiderman et al. 1987, Modic et al. 1988, Pfirrmann et al. 2001). 
Degenerative changes in the intervertebral discs are natural with increasing age, but there 
is significant variation between individuals in the occurrence and progression of these 
changes. Therefore, the familial predisposition has been suggested to have a leading role 
in the pathomechanism of degenerative changes (Battié et al. 1995a, Battié et al. 1995b, 
Sambrook et al. 1999).  

2.5  Inheritance of IDD 

2.5.1  Studying genetics of multifactorial diseases 

For most of the common diseases, such as IDD, multiple genetic and environmental 
factors influence an individual’s risk of being affected. This complexity contracts with the 
inheritance pattern of monogenic diseases, in which the presence or absence of the 
disease alleles usually predicts the presence or absence of the disease. For genetically 
complex diseases, the presence of a high-risk allele may only mildly increase the risk for 
the disease. Furthermore, it has been proposed that some of these risk alleles may be 
present at relatively high frequencies at the population level. (For reviews, see 
Hirschhorn et al. 2002, Dean 2003, and Majumder & Ghosh 2005.) There are basically 
two principally different analysis approaches in studying genetics of multifactorial 
diseases; candidate gene analysis and random gene search. 

Candidate gene analysis is widely used in identifying genetic variants predisposing to 
multifactorial diseases. The method is based on the available information on the genes. 
Genes that are physiologically or biochemically relevant to the trait are screened for 
sequence variations. Association analyses are performed to test for association with 
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polymorphisms in linkage disequilibrium with the disease, and the functional effects of 
variant alleles are investigated. The primary limitation of the candidate gene approach is 
that it is restricted to genes that are known to be important for the phenotype, and 
therefore does not reveal new disease loci. Furthermore, choosing candidate genes is 
often difficult. (For reviews, see Majumder & Ghosh 2005 and Teare & Barrett 2005.) 
The candidate gene strategy has been, to date, the most used method in searching disease 
alleles for IDD.  

Another approach to detect predisposing genes for multifactorial diseases is to perform 
random gene search by either genome-wide linkage scans or genome-wide association 
studies. Genetic linkage analysis can be used to identify genomic regions containing 
gene(s) that predispose to disease, and the method is based on the identification of 
chromosomal regions transmitted within the families along with the disease phenotype. 
Genome-wide linkage scans are performed by analyzing 300-400 microsatellite markers 
in extended multiply affected pedigrees. Linkage analysis has been extremely useful in 
the identification of genes responsible for diseases with simple Mendelian inheritance, 
and the method has been increasingly used in mapping complex traits as well (Peltonen et 
al. 2006). There are, however, a number of challenges and limitations in the linkage 
analysis of complex diseases. The onset age of complex diseases, such as IDD, often 
occur late, they are incompletely inherited, and genetically and phenotypically 
heterogeneous. In addition, to ensure the statistical power large samples with multiple 
affected family members are required. It is also notable that linkage analysis of complex 
diseases only detects a relatively large region of the genome where the relevant 
variation(s) lie, and therefore does not lead to the identification of the risk variant itself. 
(For reviews, see Altmüller et al. 2001, Dean 2003, Terwilliger & Weiss 2003, Majumder 
& Ghosh 2005, and Teare & Barrett 2005.) 

Random gene search can be also performed with genome-wide association analysis of 
300 000-500 000 SNP markers in case control cohorts. In the more traditional and limited 
association analysis a set of SNPs are genotyped from the region(s) of interest. The 
increasing availability of information on polymorphic markers has made the association 
analysis very popular. Most association studies have a case-control study design, in which 
allele or genotype frequencies in patients are compared with frequencies in an unaffected 
control population. It is possible to detect loci with only a small effect on the phenotype, 
and this has lead to the discovery of predisposing genetic variants for several complex 
diseases, including IDD (Seki et al. 2005). Association analysis has the disadvantages of 
requiring the collection of high-quality clinical data from a large number of individuals, 
as well as the analysis of these data using a method with high statistical power. 
Association analysis has been criticized for false positive findings. (See Ioannidis et al. 
2001, Hirschhorn et al. 2002, Dean 2003, Hirschhorn 2005, Majumder & Ghosh 2005.) 

It may be that high-density SNP analyses in combination with functional studies are 
needed in order to detect susceptibility loci and novel genetic variations for many 
complex diseases. However, genome-wide association analyses have been quite recently 
initiated, and yet there is not exact knowledge of its effectiveness in searching loci for 
multifactorial diseases (Risch 2000, Altmüller et al. 2001).  



 29

2.5.2  Family and twin studies 

According to previous assumptions, anthropometric and environmental factors are the 
main causes of IDD (Heliövaara 1989, Frymoyer 1992). However, strong evidence of an 
even more considerable role of genetic factors in disc degeneration, disc herniation, 
and/or sciatica has been found. Twin studies have shown nearly 80% heritability in disc 
degeneration in lower lumbar levels suggesting that disc degeneration may be primarily 
explained by genetic influences (Battié et al. 1995a, Battié et al. 1995b, Sambrook et al. 
1999). Additional support has been provided by more recent epidemiological studies 
indicating more than four times increased risk for degenerative disc disease in patients 
with relatives that have undergone spinal surgery (Simmons et al. 1996, Matsui et al. 
1998). Considerable familial predisposition to early onset sciatica and disc herniation has 
been proven as well. It was found that the relative risk for lumbar disc herniation before 
the age of twenty-one years was five times greater in patients with a positive family 
history (Varlotta et al. 1991, Matsui et al. 1992, Scapinelli 1993). In addition, a 
synchronous lumbar disc herniation in adult female monozygotic twins was recently 
reported, further highlighting the role of genetic factors (Bhardwaj & Midha 2004). 

2.5.3  Association studies 

An increasing number of genetic association studies have been conducted to define the 
genetic basis of IDD, disc degeneration, and low back pain (Table 2, following a more 
detailed description). 
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2.5.3.1  Collagen IX 

Variations in the genes coding for collagen IX have been previously reported to cause 
MED, which is characterized by dysplasia in several epiphyses in childhood and 
degenerative joint disease in adulthood (Myllyharju & Kivirikko 2001). Recent Finnish 
studies identified two interesting Trp substitutions in the α2(IX) and α3(IX) chains genes 
that were found predominantly in the Finnish sciatica patients with unilateral discogenic 
pain radiating from the back to below the knee for more than one month. About 75% of 
them had positive MRI or CT findings with mostly disc herniations at the L4-L5 and L5-
S1 levels (Annunen et al. 1999a, Paassilta et al. 2001, Ala-Kokko 2002). A tryptophan to 
glutamine substitution was first characterized in the α2(IX) chain (named Trp2) in six of 
157 LDD patients, but was found in none of 174 control individuals without a history of 
LDD (Annunen et al. 1999a). The significance of the Trp2 allele was also studied in 
family members of the patients with the Trp2 variation. The results indicated that all the 
individuals in the families with the allele had LDD, providing strong evidence of 
coinheritance of the Trp2 allele and LDD (Annunen et al. 1999a). An association between 
the Trp2 allele and IVD herniations was also shown in the German population, further 
supporting the finding (Wrocklage et al. 2000). In addition, individuals with the Trp2 
allele tended to have an increased prevalence of radial tears in nonherniated discs 
(Karppinen et al. 2002). 

In addition to the Trp2 allele, the Finnish patients were screened for the presence of 
variations in the COL9A1 and COL9A3 genes. This analysis lead to the identification of 
yet another Trp allele in the α3(IX) chain encoded by COL9A3, designated as Trp3. This 
allele was found in 24.4% of the patients, but only 9.3% of the control individuals (p = 
0.000013). Furthermore, the Trp3 allele was found to be associated with thoracolumbar 
Scheuermann`s disease and IVD degeneration (Karppinen et al. 2003a), and an increased 
risk for disc degeneration was indicated in individuals with coexistence of persistent 
obesity and the Trp3 allele (Solovieva et al. 2002). 

The role of the Trp substitutions in the α2(IX) and α3(IX) chains has been later on 
studied in other populations. In one study, 804 Chinese individuals were evaluated based 
on their MRI findings and they were classified according to the degenerative changes in 
the lumbar spine. Altogether 524 (65.2%) individuals had disc abnormalities, such as 
herniations, annular tears, and Schmorl`s nodes. The Trp2 allele was found in 20% of the 
population and increased the risk for annular tears at 30 to 39 years to fourfold. A 2.4–
fold risk of degenerative changes and endplate herniations at 40 to 49 years was noticed 
as well as more severe degeneration in individuals with the Trp2 allele. The Trp3 allele 
was absent in the Chinese study population. (Jim et al. 2005.) In the Japanese population, 
the association between the Trp2 allele and lumbar disc disease was not replicated. 
However, a significant association between a COL9A2-specific haplotype and LDD was 
observed, suggesting that COL9A2 may contain other susceptibility allele(s) for LDD in 
the Japanese population (Seki et al. 2006). In another study of a Southern European 
population, the Trp2 allele was not present at all, and Trp3 was found in 8.6% of the 
Greek IDD patients and 4.9% of the controls. However, the difference was not 
statistically significant (Kales et al. 2004). 
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The mechanism by which the collagen IX Trp alleles cause or predisposes to LDD is 
not known, but may be due to the fact that tryptophan is the most hydrophobic amino 
acid and is not normally found in collagenous domains. The matrix deposition of collagen 
IX containing tryptophan variants has been studied in human cartilage. The analysis 
indicated that both Trp2 and Trp3 containing allelic products are expressed and 
incorporated into the fibrillar network of developing human cartilage normally, 
suggesting that the consequences of tryptophan variants are likely to be long-term 
(Matsui et al. 2003).  

2.5.3.2  Cartilage intermediate layer protein 

A functional SNP in the gene coding for cartilage intermediate layer protein (CILP) was 
found to be associated with symptomatic IDD in the Japanese population. The T to C 
(+1184) variation in exon 8 resulted in the amino acid substitution Ile395Thr and was 
found in 24.6% of the 467 IDD patients and 16.9% of the 654 controls. Functional studies 
showed that the susceptibility associated C allele increased binding and inhibition of 
transforming growth factor β1 (TGF- β1). (Seki et al. 2005.) 

TGF-β has an important role in maintaining extracellular proteins in the intervertebral 
disc, and therefore dysregulation of TGF-β signaling has been thought to cause human 
connective tissue disorders, such as Marfan syndrome, type I and II (Neptune et al. 2003, 
Mizuguchi et al. 2004) and predispose to OA (Kizawa et al. 2005). In the study by Seki et 
al. (2005), it was concluded that CILP regulates TGF-β1 signaling and this regulation has 
a crucial role in the etiology and pathogenesis of LDD. 

2.5.3.3  Aggrecan 

A variable number of tandem repeat (VNTR) polymorphism in exon 12 of the human 
aggrecan gene has been identified (Doege et al. 1997). The variation is located in the 
sequence coding for the CS attachment domain and results in different lengths of 
aggrecan core protein. So far a total of thirteen different nucleotide repeats have been 
observed. Alleles with small numbers of repeats have been shown to be overrepresented 
in subjects with multilevel disc degeneration (Kawaguchi et al. 1999). Results further 
suggest that individuals with a shorter VNTR length of the aggrecan gene have an 
increased risk for early-onset multilevel disc degeneration. However, no significant 
association was observed between any of the VNTR alleles and disc herniation. 
(Kawaguchi et al. 1999.) 

2.5.3.4  Vitamin D receptor 

The vitamin D receptor (VDR) has an important role in the biological function of vitamin 
D as it binds particularly the active form of vitamin D (1,25(OH)2D3) and produces a 
number of biological effects. VDR has also been suggested to have an important role in 
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certain bone disorders, such as osteoporotic fractures, alterations in bone mineral density 
and femoral neck stress fractures (Smith et al. 1973, Morrison et al. 1994, White et al. 
1994).  

Two intragenic VDR gene polymorphisms, named TaqI and FokI, have been shown in 
several separate studies to be associated with disc degeneration. The FokI polymorphism 
in exon 2 (T2C) of the VDR gene results in the synthesis of two VDR mRNAs (Arai et al. 
1997, Miyamoto et al. 1997), and there is some evidence that the shorter receptor protein 
(C allele) may play a more active role in VDR-responsive gene expression than does the 
full-length receptor protein (T allele) (Arai et al. 1997, Jurutka et al. 2000). The TT 
genotype, designated as ff, has been found to increase the risk for disc degeneration, 
bulging and disc height compared to the CC (FF) genotype (Videman et al. 1998). 

A TaqI polymorphism in exon 9 of VDR, more precisely the tt (corresponding CC) 
genotype, has been reported to associate with low bone density, degenerative changes in 
knee joints, disc degeneration, disc height narrowing, disc bulging, annular tears, and disc 
herniation (Spector et al. 1995, Keen et al. 1997, Uitterlinden et al. 1997, Jones et al. 
1998, Videman et al. 1998, Videman et al. 2001, Kawaguchi et al. 2002, Cheung et al. 
2006). 

2.5.3.5  Matrix metalloproteinase-3 

Matrix metalloproteinases (MMPs) are a group of enzymes that take part in degrading the 
major structural components of IVD and are known to be involved in normal turnover 
and pathological degradation of the extracellular matrix in connective tissue (Borden & 
Heller 1997, Roberts et al. 2000). Human IVD has been shown to contain MMPs 1, 2, 3, 
7, 8, 9, and 13, of which MMPs 1, 8, and 13 form a group of collagenases and are able to 
cleave the triple-helical part of the fibrillar collagens I, II and III (Roberts et al. 2000).  

MMP-3 has a potential role in proteoglycan degradation and has been indicated to take 
part in IVD degeneration (Goupille et al. 1998). There is also evidence of induced MMP-
3 expression related to mechanical load and inflammation (Handa et al. 1997). In 
addition MMP-3 was found to be expressed in 90% of prolapse samples, but only in 57% 
of normal discs (Nemoto et al. 1997). A common 5A/6A polymorphism in the promoter 
region of human MMP-3 has been identified, with the 5A allele having twice as much 
promoter activity as the 6A allele (Ye et al. 1996, Takahashi et al. 2001). The 5A5A and 
5A6A genotypes were found to associate with degenerative changes of lumbar IVDs in 
an elderly group of individuals aged more than 64 years, suggesting that the 5A allele 
may be a risk factor for the acceleration of degenerative changes in lumbar IVDs in the 
elderly (Takahashi et al. 2001). 

2.5.3.6  Collagen XI polymorphism in OPLL and LSS 

Lumbar spinal stenosis (LSS) is defined as narrowing of the spinal canal, nerve root 
canal, or intervertebral foramina and it is usually caused by disc herniation or 
degeneration. LSS typically affects elderly individuals. Ossification of the posterior 
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longitudinal ligament (OPLL), on the other hand, is a leading cause of LSS in the 
Japanese population, with a prevalence of 1.9% to 4.3%.  

A linkage study identified a susceptibility locus for OPLL in the Japanese population 
on chromosome 6p (Koga et al. 1998). The chromosomal region contained a candidate 
gene, COL11A2, which was analyzed. It led to the identification of an association 
between an IVS4-6 t to a variation in COL11A2 and OPLL (Koga et al. 1998, Maeda et 
al. 2001). In addition the present variation was associated with LSS in Finns as the t 
allele was present in 93.1% of the patients, but only in 72.3% of the controls (Noponen-
Hietala et al. 2003). The IVS4-6 polymorphism has been shown to result in alternative 
splicing of COL11A2 with skipping of exons 6 and 8 in the presence of the t allele 
(Maeda et al. 2001, Noponen-Hietala et al. 2003). However, the exact mechanism by 
which the variation is involved in the disease process remains unclear. 

2.6  Role of inflammation in IDD 

Traditionally sciatic pain has been thought to be caused by the mechanical irritation of 
nerve roots or dorsal ganglions by the herniated nucleus pulposus. However, it has 
become evident that IDD also involves an inflammatory component. Inflammatory 
cytokines, such as interleukin-1 (IL-1), IL-6, and tumor necrosis factor α (TNF-α) are 
produced at the site of lumbar disc herniation (Kang et al. 1996, Takahashi et al. 1996). 
IL-1 has been shown to increase the production of matrix metalloproteinases, nitric oxide 
and prostaglandin E2 from the cells of herniated degenerated discs, leading to tissue 
destruction and enhanced pain sensitivity (Kang et al. 1997, Matsui et al. 1998, Benoist 
2002). The role of inflammation in IDD has been further supported by findings that the 
application of nucleus pulposus to nerve root or the dorsal ganglion induces an 
inflammatory irritation even without mechanical compression (McCarron et al. 1987, 
Takebayashi et al. 2001). Additionally IL-1 has been linked to another common 
degenerative disease, OA (Loughlin et al. 2001, Stern et al. 2003). 

2.6.1  Inflammatory mediators in IDD 

Several inflammatory mediators have been identified in human and animal IVD. Their 
role in the pathogenesis of disc degeneration, IVD herniation, and sciatica is not well 
understood, but the importance of inflammatory factors in the disease process has been 
well established. Inflammatory mediators, such as phospholipase A2, prostaglandin E2, 
leukotrienes, nitric oxide, immunoglobulins, and several pro-inflammatory cytokines (IL-
1α, IL-1β, IL-6 and TNF-α), have been reported at the site of disc herniation. A current 
hypothesis is that the leakage of these agents may result in stimulation of the nociceptors, 
inflammation of the nerve, a direct neural injury, or an enhancement of sensitivity to 
other pain-producing substances leading to nerve root pain. (McCarron et al. 1987, Kang 
et al. 1996, Takahashi et al. 1996, Goupille et al. 1998, Burke et al. 2001, Benoist 2002.) 
In the following sections, pro-inflammatory cytokines of the herniated IVD are described 
in more detail. 
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Cytokines are a group of biological mediators involved in several physiological and 
pathological processes. Several cytokines, particularly IL-1α, IL-1β, IL-6 and TNF-α, 
have been detected in herniated IVD tissue (Takahashi et al. 1996). Of these, IL-1 has 
been considered the main inflammatory cytokine as it appears to up-regulate several 
important secondary mediators such as nitric oxide, IL-6, and prostaglandin E2 (PGE2). 
IL-1 has also shown to be involved in cartilage destruction (Goupille et al. 1998, 
Cawston et al. 1999, Freemont et al. 2002, Lattermann et al. 2004). In addition, IL-1 is 
known to function in close relation with TNF-α (Butler et al. 1995, Feldmann et al. 
2001). Both the IL-1α and IL-1β isoforms have been shown to increase proteoglycan 
release and degradative enzyme production in the IVD (Maeda & Kokobun 2000, 
Rannou et al. 2000). In addition, IL-1 and TNF-α stimulate the release of matrix 
metalloproteinases from fibroblasts and chondrocytes, and therefore have been suggested 
to cause tissue damage (Choy & Panayi 2001). The importance of IL-1 in several disease 
processes is further supported by the identification of an association between the IL-1 
cluster polymorphisms and diseases such as rheumatoid arthritis (RA), end stage renal 
disease (ESRD), chronic obstructive pulmonary disease (COPD), gastric cancer, and 
inflammatory bowel disease (Nemetz et al. 1999, El-Omar et al. 2000, Pawlik et al. 2005, 
Wetmore et al. 2005, Hegab et al. 2005). 

 TNF-α is a potent pro-inflammatory cytokine with a stimulative effect on a variety of 
cells. It is mainly produced by monocytes and macrophages, but also by B and T cells 
and fibroblasts. TNF-α functions as a local inflammation promoter as well as a paracrine 
inducer of other pro-inflammatory cytokines, IL-1, IL-6, IL-8, and granolucyte-monocyte 
colony-stimulating factor, hence the blocking of TNF-α has been shown to significantly 
reduce the production of these factors (Butler et al. 1995). Polymorphisms in TNFA have 
been reported in several inflammatory diseases, i.e. RA, multiple sclerosis, asthma, and 
inflammatory bowel disease (Moffat & Cookson 1997, Fernandez-Arquero et al. 1999, 
Balding et al. 2004, Balog et al. 2004, Miterski et al. 2004). 

IL-6 is a pleiotropic cytokine produced by T cells, monocytes, macrophages and 
synovial fibroblasts. It has several functions in inflammation, acute phase responses, and 
growth stimulation. The IL6 gene polymorphisms have been reported in association with 
diseases such as juvenile RA, Kaposi sarcoma, osteopenia, osteoporosis, and bone loss 
(Fishman et al. 1998, Ota et al. 1999, Foster et al. 2000, Ota et al. 2001, Scheidt-Nave et 
al. 2001). 

2.6.1.1  Cytokine polymorphisms in IDD 

Since the role of certain cytokines, IL-1, IL-6 and TNF-α, has been well established in the 
site of herniated IVD, the role of variations in the corresponding genes in relation to IDD 
has become of interest. Solovieva et al. (2004) studied the IL-1 gene family, including 
IL-1α, IL-1β and the IL-1 receptor antagonist (IL-1RN), in 131 Finnish men of who 74% 
reported low back pain during the preceding year. The study identified a c to t variation (-
889) in IL1A and a C to T variation in IL1B (+3954) to be associated with low back pain 
and disc degeneration (Solovieva et al. 2004a, Solovieva et al. 2004b). In another study it 
was shown that carriage of the Trp3 allele in the absence of the IL-1β +3954T allele 
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increased the risk of dark nucleus pulposus and joint occurrence of degenerative changes 
suggesting that the effect of the COL9A3 gene polymorphism on disc degeneration might 
be modified by the IL1B gene polymorphism (Solovieva et al. 2006). 

The TT genotype of IL1A -889 has been previously shown to significantly increase the 
transcriptional activity of the IL1A gene (Dominici et al. 2002) and IL1-β protein levels 
(Hulkkonen et al. 2000). The production of IL-1 by human intervertebral disc (IVD) cells 
has been demonstrated previously only in cells from herniated tissue (Takahashi et al. 
1996), but a recent study indicated that both isoforms, IL1-α and IL1-β, and their receptor 
antagonists, are produced in degenerated and non-degenerated IVD as well (Le Maitre et 
al. 2005).  

2.6.2  Potential anti-inflammatory treatments 

To date, the only treatment with proven efficacy for sciatica is surgery on the herniated 
disc. However, due to the benign natural course of sciatic pain, only a minority of sciatica 
patients require surgical intervention. Traditionally low back pain and sciatica episodes 
are treated with non-steroidal anti-inflammatory drugs (NSAIDs). NSAIDs have an anti-
inflammatory effect acting through cyclo-oxygenase (COX) and inhibiting prostaglandin 
synthesis (Steinmyer 2000). Prostaglandins, on the other hand, have complex effects on 
several types of cells and so have an important role in inflammation, pain and fever 
induction, and the regulation of vessel perfusion (Vane & Botting 1998, Steinmyer 2000). 
In addition, the NSAIDs have been proven effective in treating acute low back pain 
(Szpalski & Hayez 1994) and are recommended for use in both acute and chronic back 
pain in the European guidelines (www.backpaineurope.org). Epidural corticosteroid 
injections have been suggested as an alternative treatment for surgery (Buchner et al. 
2000, Buttermann 2004). Corticosteroids are, in general, known to relieve the 
inflammation in the tissues. However, according to systematic reviews on the treatment 
of lumbar radicular pain, epidural corticosteroid injections were shown ineffective (Koes 
et al. 1995, Vroomen et al. 2000, Airaksinen et al. 2006). Controversial results have been 
published on the role of epidural injections in treating sciatica and there is no conclusive 
evidence of the use of nerve root blocks. 

The inflammatory cascade in the disease pathophysiology has been recently studied as 
a potential target for treatment (Roberts & Butler 2005). TNF-α is known to be a crucial 
cytokine in the initiation and maintenance of inflammation in several autoimmune 
diseases. Recently, the role of infliximab, a chimeric monoclonal antibody against TNF- 
α, has become a target of investigation. Infliximab is generally effective and well-
tolerated and nowadays widely used in Crohn`s disease and RA (Maini et al. 1999, 
Comerford & Bickston 2004, Atzeni et al. 2005). Infliximab has been shown to result in 
rapid decrease in the subjective leg pain in an open-label trial (Karppinen et al. 2003b), 
while in a randomized controlled trial, comparing the efficacy of infliximab (5 mg/kg) to 
saline, the positive effect was not seen (Korhonen et al. 2005). Patients in both the 
infliximab and placebo groups had a similar positive response, with about two-thirds 
responding well. In a one-year follow-up, 67% of the patients in the infliximab group 
reported no leg pain compared to 63% of the placebo group (Korhonen et al. 2006). 
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Therefore, the current knowledge does not support the routine clinical use of infliximab 
for the treatment of sciatica. The potential therapeutic role of the inflammatory mediators 
and their inhibitors must be, however, studied further.  



3 Outlines of the present study 

The object of this study was to provide more knowledge on the genetic background of a 
common musculoskeletal disorder, symptomatic IDD characterized by sciatica. The 
specific aims of the present study were: 

1. to study the role of whole-body vibration as indicated by occupational title, together 
with previously identified genetic risk factors, in lumbar IDD-related symptoms, 

2. to clarify the role of genetic variations in the genes coding for several 
proinflammatory mediators in IDD,  

3. to study the previously identified genetic variations in the CILP gene, suggested to 
cause IDD in the Japanese population, in the Finnish and Chinese populations, 

4. to perform a genome-wide linkage analysis in the Finnish families with IDD in order 
to reveal chromosomal susceptibility loci and new candidate gene(s) for the disease.  



4 Materials and methods 

The materials and methods are described in more detail in the original articles (I-IV). 

4.1  Occupational sample of male train engineers and sedentary paper 
mill workers (I) 

The occupational sample consisted of 150 train engineers working for the Finnish state 
railways, with an average of 21 years (range 5-31 years) of exposure to whole-body 
vibration. All the train engineers were male and aged 38 to 56 years. Moreover, they were 
all from the same part of Finland, the region of Oulu, ensuring that they had been 
operating the same kinds of locomotives and had similar exposure to vibration. The 
occupational control group consisted of 61 male paper mill workers from the same 
geographical region with sedentary jobs and no occupational exposure to vibration.  

Dr. Antero Natri was responsible for the study design and arrangements with the 
Finnish state railways. The study was introduced to train engineers by Dr. Jaro 
Karppinen, and the study questionnaires were delivered to all the train engineers working 
in the unit of Oulu. Participation was on a voluntary basis, and 73% of the train engineers 
participated in the study. The occupational controls were recruited from workers of a 
paper mill and a chemical factory. They had to be of similar age-range and educational 
level as the train engineers, with sedentary work and no occupational driving at any point 
of their working history. Occupational health care units of the respective working places 
distributed the study criteria and contact data via their intranet, and the eligible controls 
could contact the study center on a voluntary basis. Blood samples for DNA extraction 
were obtained from all the study subjects and were collected in the study center, in the 
Oulu Deaconess Institute. In addition, the study subjects were required to fill-in a 
questionnaire concerning their medical history, including possible low back symptoms. If 
previous low back pain or sciatica was reported, further questions were asked about the 
intensity, duration, and frequency of the symptoms.  

Clustering of study subjects according to their symptoms was based on the latent class 
analysis (LCA), which was performed blinded to the genetic data (Magidson et al. 2004). 
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In the classification of individuals, questions related to subjective symptoms were 
originally binary or were dichotomized (0/1). Different combinations of variables and 
different cut-off values for categorical and continuous variables were explored. The best 
model was obtained with a combination of the following variables; the presence of LBP 
during the past week, the number of previous LBP and sciatica episodes, LBP duration 
during the past year, sciatica duration and bothersomeness during the past three months, 
and LBP and sciatic pain intensity within the past three months (Table 3).  

The study protocol was approved by the Oulu University Ethics Committee, and 
signed informed consent was obtained from all the subjects. The genomic DNA was 
extracted from the blood by conventional techniques. 

Table 3. Description of variables used in clustering. 

Variable Description Range Cut-off value 
LBP week Have you had low back pain during the 

past week? 
0-1 0 vs. 1 

LBP episodes Number of LBP episodes (≥14 days) 0-200 0-1 vs. ≥2 
Sciatica episodes Number of sciatica episodes (≥14 days) 0-100 0-1 vs. ≥2 
LBP duration LBP duration during the past yeara 0-4 0-2 vs. ≥3 
Sciatica duration Duration of sciatica during the past 3 

monthsa 

0-4 0-2 vs. ≥3 

Disabling sciatica Bothersomeness of sciatica during the 
past 3 monthsa 

0-4 0-2 vs. ≥3 

LBP intensity LBP intensity within the past 3 months 
(10-cm visual analog scale) 

0-9 0-2 vs. ≥3 

Sciatic pain intensity Intensity of sciatic pain within the past 3 
months (10-cm visual analog scale) 

0-9 0 vs. ≥1 

aDivided following: 0, 1 = 1-7 days, 2 = 8-30 days, 3 = >30, but not daily, 4 = daily. 

4.2  Patients and controls (II-IV) 

Patients were collected by Dr. Jaro Karppinen from the catchment area of the Oulu 
University Hospital. The patient set consisted of 155 unrelated Finnish individuals, 94 
men and 61 women, with discogenic sciatica radiating from the back to below the knee 
(dermatomes L4, L5, and S1) for three weeks to six months (mean duration 2.5 months, 
SD 1.5 months). The patients were aged from 19 to 78 years (mean = 44, SD = 13). They 
were all among the 160 patients involved in a randomized controlled trial of periradicular 
infiltration for sciatica (Karppinen et al. 2001). In the enrolment, patients were examined 
clinically and by MRI. The clinical examination included the SLR, lumbar flexibility, and 
manual testing of motor and sensory defects of the lower extremities. Patients reported 
their leg and back pain using the 100-mm visual analog scale (VAS), disability by the 
Oswestry scale, and quality of life by the Nottingham Health Profile. Study subjects were 
further re-evaluated clinically and radiologically three years after the enrollment (Autio et 
al. 2004, Kurunlahti et al. 2004). In order to be enrolled in the periradicular infiltration 
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trial, patients had to have continuing disabling sciatica non-responsive to NSAIDs. In 
addition, MRI findings had to be concordant with the clinical presentation.  

The control group consisted of 179 University of Oulu employees and students, aged 
from 20 to 69 years (mean = 39, SD = 13), of whom 56 were males and 123 were 
females. They were all Finnish and unrelated to each other. No data were collected 
concerning their possible musculoskeletal disorders. To expand the study population (III) 
described above, an additional 88 patients (52 males and 36 females) and 80 controls 
were recruited to the study with the same criteria as the original patients and controls. 

All the study protocols were approved by the local ethics committees, and signed 
informed consent was obtained from all the subjects. 

The Chinese sample set consisted of 691 voluteer individuals (aged 18-55) recruited 
from the general population of Hong Kong by open invitation. All the study subjects were 
scanned by MRI and the presence and severity of degenerative disc disease were assessed 
using Schneiderman`s classification (Schneiderman et al. 1987). Each lumbar level was 
given a score, with 0 indicating no degeneration and 3 referring to severely degenerated 
disc with associated loss of height. The sum of the ratings for the 5 disc levels provided 
an overall raw LDD score. To obtain standardized, age-adjusted LDD scores, the raw 
LDD scores were logarithmically transformed to reduce skewness and heteroscedasticity, 
and then standardized to a mean of 0 and a variance of 1 within each decade of age by 
subtracting the decade mean and dividing by the decade standard deviation. Finally, the 
sample was divided into two groups: those with above median age-adjusted scores were 
classified as cases (n=348), those with lower scores were classified as controls (n=343).  

4.3  Families (IV) 

Probands with sciatica were first selected from the patient population of Oulu University 
Hospital. After obtaining a clinically confirmed IDD diagnosis and positive family 
history with several affected family members, blood samples were collected. The 
probands were first excluded for the presence of known predisposing genetic factors, the 
collagen IX Trp2 and Trp3 alleles.  

Originally ten Finnish families (a total of 129 individuals) with a history of IDD 
characterized by sciatica were recruited for linkage analysis. The family members of the 
probands were interviewed, questionnaires were sent to them, and most of them were 
scanned by MRI. If there were previously obtained MRI or CT scans, they were re-
evaluated by the same experts as the new scans (Dr. Jaakko Niinimäki). In addition, they 
were asked to donate blood samples. After the genome-wide scan, four additional 
families were recruited by the same methods as used earlier. These brought a total of 57 
new individuals into the series, which eventually consisted of 186 family members, 91 
males and 95 females, aged 17 to 88 (mean=49, SD=16). The families were composed of 
5 to 22 members (average 13), with most of the families composed of two or three 
generations (see examples of the pedigrees in Figure 4). Families with both parents 
affected with IDD (bilineal) were excluded from the study. The families participated 
extremely well in the study; almost all family members contacted donated their blood 
samples. All the subjects were Finnish and from the same geographical region of the 
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country, although no geographical difference in the prevalence of sciatica or lower back 
disorders has been reported in Finland.  

A trained interviewer collected the clinical history of all the probands and family 
members, using the same questionnaire form in all cases. The most important aspects 
were the nature of back pain and whether it radiates (or had radiated) to the leg below the 
knee consecutively for at least two weeks. In addition, the number and duration of 
sciatica episodes, physician visits because of sciatica, and the nature of treatments for 
sciatica including possible discectomies were inquired.  

Fig. 4. Examples of LDD pedigrees 

Classification of the affection status relied on symptomatic disease. The subjects were 
classified as affected if they had been operated on for disc herniation or if they had had 
sciatica, i.e. pain radiating unilaterally from low back area to leg, for over two weeks. 
MRI findings were used as additional support for the diagnoses and were considered 
positive in the case of any herniation or a degenerated intervertebral disc with disc height 
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reduction as a radiological sign of a possible past disc herniation. MRIs were taken for all 
the symptomatic individuals and most (61%) of the asymptomatic ones.  

4.4  Mutation analysis (II-IV) 

4.4.1  Conformation-sensitive gel electrophoresis (CSGE) 

Mostly the candidate genes were screened for mutations by the conformation-sensitive 
gel electrophoresis (CSGE) method (Körkkö et al. 1998). The primers were designed to 
cover the promoter, exons, and exon boundaries of the analyzed genes. These regions 
were amplified by polymerase chain reaction (PCR) to obtain PCR products to be 
screened for mutations by CSGE gel. PCR amplifications were typically performed using 
20 ng of genomic DNA, 0.25 μM of forward and reverse primers, 1.5 μM MgCl2, 0.2 
mM dNTPs, and 0.5-1.0 U of AmpliTaq Gold DNA polymerase (Applied Biosystems). 
The cycling conditions were after the initial denaturation for 10 min at 95°C, 35 cycles at 
95°C for 30 s, 52°C to 68°C for 30 s and 72°C for 30 s, followed by one cycle at 72°C for 
10 min. The PCR products were denatured at 95ºC for 4 min, followed by annealing at 
68ºC for 30 min to generate heteroduplexes for CSGE. The concentration and quality of 
the PCR products were evaluated on 1.5% agarose gels and approximately 20 ng of each 
PCR product was loaded on a CSGE gel. The CSGE method is based on the different 
electophoretic properties of PCR products with or without heterozygous mutations, and 
therefore is a valid method for identifying heterozygous variations. PCR products that 
contained heteroduplexes in the CSGE analysis were sequenced as described below to 
define the underlying sequence variations. 

4.4.2  Sequencing 

PCR products showing heteroduplexes in CSGE, PCR products containing certain known 
SNPs to be genotyped, or in some cases PCR products that were screened for mutations 
were sequenced with the BigDye Terminator Sequencing Kit and ABI PRISM 3100 
sequencer (Applied Biosystems). Prior to sequencing, the PCR products were treated 
with exonuclease I and shrimp alkaline phosphatase to remove residual PCR primers and 
nucleotides (Hanke & Wink 1994, Werle et al. 1994). 

4.5  Genotyping of SNPs (I-III) 

Eleven previously identified SNPs were genotyped in 150 train engineers and 61 paper 
mill workers. The regions containing the variations were amplified by PCR and analyzed 
by restriction enzyme digestion or by sequencing. (Table 4) 
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Table 4. Analysis of SNPs in the two occupational groups. 

Gene Region Variation Detection method 
COL9A2 Exon 19 c.976C>T Sequencing 
COL9A3 Exon 5 c.307C>T Sequencing 
COL11A2 Intron 6 c.877-4A>T BsmFI digestion 
IL1A Promoter c.1-889C>T NcoI digestion 
IL1B Exon 5 c.3954C>T TaqI digestion 
IL6 Promoter c.1-597G>A Sequencing 
 Promoter c.1-174G>C Sequencing 
 Exon 5 c.486T>A Sequencing 
MMP-3 Promoter c.1-1171 aΔa Sequencing 
VDR Exon 2 c.2T>C FokI digestion 
 Exon 9 c.352T>C TaqI digestion 

Sixteen variations in ten genes coding for inflammatory mediators were analyzed in the 
case-control set. (Table 5) 

Table 5. Analyses of the genes coding for inflammatory mediators. 

Gene Region Variation Detection method 
IL1A Promoter c.1-889C>T NcoI digestion 
IL1B Promoter c.1-31T>C AluI digestion 
 Intron 4 c.1-64G>A Sequencing 
 Exon 5 c.3954C>T Sequencing 
IL1RN  VNTR Agarose gel 
IL2 Promoter c.1-114G>T MwoI digestion 
IL4  VNTR Agarose gel 
IL4R  c.1902G>A PvuI digestion 
IL6 Promoter c.1-597G>A Sequencing 
  c.1-572G>C Sequencing 
  c.1-174G>C Sequencing 
 Exon 5 c.486T>A Sequencing 
  c.603C>T Sequencing 
IL10 Promoter c.1-1082G>A Agarose gel 
INFG  Microsatellite Fragment analysis 
TNFA Promoter c.1-308G>A Sequencing 

The recently reported SNP, +1184 T>C in exon 8 of the CILP gene, associated with 
lumbar IDD was analyzed in the Finnish study population by sequencing from all the 243 
patients and 259 controls. In addition all exons, exon boundaries, and the promoter region 
of CILP were amplified by PCR and analyzed for sequence variations by sequencing.  

For the Chinese cohort, the +1184 T>C SNP and three flanking SNPs (rs1561888, 
rs3784447 and rs4776680) were genotyped using the Sequenom® platform. The Mass 
ARRAY AssayDesign software (Sequenom) was used to design amplification and allele-
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specific extension primers for uniplex or multiplexed assays. PCR reactions, treatment 
with PCR products with alkaline phosphatase and mass extend reactions were all 
performed according to manufacturer (Sequenom) protocol.  

4.6  Genome-wide linkage analysis and fine mapping (IV) 

Genotyping for a genome-wide screen was performed using the Applied Biosystems 
Linkage Mapping Set (MD 10) and an automated instrument (Megabase 1000, Molecular 
Dynamics). This initial mapping set was comprised of approximately 400 markers spaced 
~10 cM apart. The genome-wide scan was performed at the Finnish Genome Center. 

An additional 41 microsatellite markers (http://www.ncbi.nlm.nih.gov), spaced 2 to 5 
cM apart, were genotyped from eleven chromosomal regions that provided LOD scores 
>1 in the genome-wide scan. This first fine mapping analysis was performed using 
fluorescent primers in PCR and analyzing labeled products by ABI PRISM 3100 
sequencer (Applied Biosystems). In the second phase of fine mapping, 24 additional 
microsatellite markers and 29 SNPs were selected from the regions of interest on 
chromosomes 4, 6 and 21, spaced approximately 1 cM apart. The SNP analysis was 
performed either by analyzing the PCR products with restriction enzyme digestions or by 
sequencing. 

In addition, 155 cases and 88 controls were genotyped for eleven markers (seven 
microsatellites and four SNPs) from the candidate chromosomal region 21q as described 
above. The recruitment of the cases and controls is described in section 4.2, half of the 
original control group was used. The criteria for IDD were similar in the recruitment of 
the original patients and family members. 

4.7  Statistical analysis 

To test the possible differences in genotype and allele frequencies between the 
symptomatic and asymptomatic individuals (I), chi-square tests were carried out with 3 × 
2 and 2 × 2 tables for each of the SNP markers. In addition, for each single SNP marker a 
logistic regression analysis was carried out, where the outcome variable was the IDD-
phenotype, and the occupation and genotypes at each variant were independent dummy-
coded variables. A false discovery rate (FDR) correction in the genotypic and allelic 
association tests was applied. 

To test the equality of the allele and genotype frequencies of the variations in genes 
coding for inflammatory mediators (II) and CILP (III) between cases and controls, tests 
for trends were carried out with 2 x 3 and 2 x 2 tables. For those loci with more than one 
polymorphism, haplotype frequencies were estimated with the snphap program and a 
likelihood ratio test was used to test for differences in these frequencies between the 
cases and controls. For the marker INFG with a repeat polymorphism, one-way ANOVA 
was applied to see whether the mean number of repeats was different between the groups. 

For the linkage analysis (IV), the genotypes at each locus were checked for Mendelian 
inconsistencies with PedManager and Pedcheck (O’Connell & Weeks 1998). Allele 



 46

frequencies were estimated at each locus using the RECODE program. This program 
insured that alleles were numbered sequentially, and that every allele frequency was non-
zero. An age dependent, 90% penetrance model with a constant phenocopy rate (1.56%) 
for six age-adjusted penetrance classes (age <15, 20-29, 30-39, 40-49, 50-59 and >60) in 
both dominant and recessive models was considered. The disease allele frequency was set 
at 0.004. Linkage analyses were performed by computing the LOD score and the LOD 
score allowing for heterogeneity (HLOD) under a dominant and recessive model of 
inheritance, and taking the maximum of these two scores. These procedures were selected 
as they have been shown to be powerful in simulation studies for linkage analysis with 
complex traits (Greenberg et al. 1998). Two-point analyses were carried out using the 
MLINK program in the FASTLINK suite (Cottingham et al. 1993), and HLOD scores 
were calculated using the HOMOG program (Ott 1999). Multipoint analyses were carried 
out using the SIMWALK program, version 2.82 (Sobel & Lange 1996). The analysis 
models for complex traits, such as IDD, are often hard to estimate and in that case 
multipoint analysis tends to reduce the statistical power (Risch & Giuffra 1992). 
Therefore, the initial, genome-wide linkage analysis was carried out marker by marker 
(two-point). For all the chromosomal regions showing putative evidence of linkage (LOD 
>1), multipoint analysis was also carried out. 

In addition, for chromosome 21 a family based test of linkage and linkage 
disequilibrium allowing for missing parental genotypes or random genotype errors in our 
dataset were carried out by using a likelihood-based Transmission/Disequilibrium Test 
allowing for errors, statistic TDTae (Gordon et al. 2004). Additionally, differences in 
allele frequencies at the 11 markers between the case and control individuals were tested 
by a likelihood ratio (LR) chi-square test for n×m contingency tables (n being the number 
of alleles at a given locus and m the 2 groups, affected and unaffected individuals). 
Differences in the length of the repeated sequence for each of the two alleles of each 
microsatellite marker were tested using the two-sample t-Test. Multiple comparisons 
involved when performing several single tests were corrected by computing the false 
discovery rate, FDR (Benjamini & Hochberg 1995). 



5 Results 

5.1  Genetic risk factors for IDD in an occupational cohort of male 
train engineers (I) 

Given our phenotype definition, we were able to form groups of asymptomatic (n=86) 
and symptomatic subjects (n=45). Of the 201 individuals included in the LCA analysis, 
90.6% had a posterior probability value of more than 0.7 of belonging to its "own" group. 
Cluster "1" represents clearly the "asymptomatic" group with no or minimal symptoms. 
Sixty-one percent of train engineers and 71% of sedentary controls in cluster "4" have 
two or more previous sciatica episodes. Hereafter, cluster "4" is called the IDD-
phenotype. Clusters "2" and "3" represent those in-between these two extreme clusters. 
(Table 6). 

Table 6. Mean dichotomized values of the patients´ subjective symptoms in the four 
clusters according to the occupational groupa. 

1  2  3  4  
TREb Contc 

 
TRE Cont 

 
TRE Cont 

 
TRE Cont 

Cluster 

n=53 n=33  n=27 n=16  n=41 n=13  n=38 n=7 
LBP week 0.13 0.03  0.50 0.40  0.34 0.08  1.00 0.86 
LBP episodes 0.02 0.11  0.67 0.60  0.31 0.31  0.73 0.71 
Sciatica episodes 0.00 0.00  0.58 0.53  0.06 0.15  0.61 0.71 
LBP duration 0.02 0.00  0.32 0.33  0.45 0.15  0.89 1.00 
Sciatica duration 0.00 0.00  0.21 0.20  0.54 0.46  0.74 0.50 
Disabling sciatica 0.06 0.10  0.54 0.40  0.73 0.69  1.00 1.00 
LBP intensity 0.00 0.00  0.08 0.06  0.59 0.77  1.00 1.00 
Sciatic pain intensity 0.11 0.03  0.23 0.00  0.83 0.85  1.00 1.00 

aMean dichotomized values refer to table 3. E.g. a mean value of 1.00 for LBP episodes would mean that all 
members in the respective cluster have at least 2 previous LBP episodes, whereas a value 0 would mean that all 
members have at most one previous LBP episode. bTRE = Train Engineers. cCont = Sedentary controls 
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The mean age of cluster "1" (asymptomatics) was 46.0 (SD 4.1) years vs. 47.7 (SD 3.0) 
years for cluster "4" (IDD-phenotype). The difference in mean age between the clusters 
was significant (t-test p = 0.015). 

Forty-two percent (38/91) of train engineers vs. 17.5% (7/40) of sedentary workers 
had the IDD-phenotype (cluster “4”). Train engineers belonged significantly more often 
to the IDD-phenotype group (p=0.005). 

5.1.1  Genetic factors 

At the initial phase, all subjects with the IDD-phenotype (n=45) were compared to 
subjects in the "asymptomatic" group (n=86). The IL1A -889T allele frequency showed 
differences when the two clusters were compared (p=0.043). After correcting for multiple 
testing (FDR < 5%), none of the other SNP markers appeared to be associated with the 
IDD-phenotype. 

Based on logistic regression analysis including occupation, and each of the studied 
SNPs one by one, the train engineers had an increased risk of having the IDD-phenotype 
(p-values range from 0.005 to 0.014 at SNP markers IL1A -889 and VDR +352 
respectively; data not shown). Among the selected SNP markers, only the TT genotype at 
IL1A represented a risk factor for the IDD-phenotype with p = 0.01 and OR = 7.87 (95% 
CI = 1.65-37.54). Moreover, the association of both independent variables (IL1A 
genotypes and occupation) with IDD remained statistically significant at the 5% level 
after the Bonferroni correction (Table 7). 

Table 7. Logistic regression analysis. 

Variable  Aa (n=45) UAb (n=86) OR 95% CI 
TT/CC 7/21(0.33) 3/50 (0.06) 7.87 1.65 37.54 

IL1A -889 
TC/CC 17/21 (0.81) 33/50 (0.66) 1.31 0.58 2.92 

Occupationc  7/38 33/53 0.24 0.09 0.65 
aA; IDD phenotype with symptoms suggesting IDD 
bUA; “asymptomatics”  
cSedentary workers vs. Train engineers 

5.2  Inflammatory factors in IDD characterized by sciatica (II) 

5.2.1  Clinical and radiological findings 

All the patients had had unilateral sciatica for three to six weeks radiating from the back 
to below the knee (dermatomes L4, L5 and S1). At the baseline, the mean intensity of the 
leg pain was 73 mm on a 100-mm VAS scale (SD 18 mm), the intensity of back pain 56 
mm (SD 25 mm), and disability on the Oswestry scale 43% (SD 15%). SLR was positive 
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(≤ 60º) in 59% of the patients. At the time of the 3-year follow-up, IVD herniation was 
present in 86% of the patients and 29% had been operated for herniated disc.  

5.2.2  Mutation screening of IL1A, IL1B, IL6 and TNFA 

The promoter regions, exons, and exon boundaries of IL1A, IL1B, IL6 and TNFA were 
analyzed for mutations in 48 patients. If a sequence variation was found, 48 controls were 
genotyped for the variation. If the allele frequencies differed between patients and 
controls, the rest of the sample set was analyzed for the presence of the variation. The 
analyses resulted in the identification of twelve sequence variations of which several 
were located in the promoter region of the genes. Two of the four detected exonic 
variations were synonymous (3954 C>T in exon 5 of IL1B and +132 C>T in exon 5 of 
IL6) as they did not result in an amino acid substitution. The remaining two exonic 
variations lead to an amino acid substitution; a G to T variation in position +21 of exon 5 
of IL1A changing a codon GCA for Ala to a codon TCA for Ser, and a T to A in position 
+15 of exon 5 of IL6 changing a codon GAT for Asp to a codon GAA for Glu. None of 
the twelve variations were putatively disease-causing as they were observed at similar 
frequencies in patients and controls.  

5.2.3  Allele frequencies 

To study the possible associations between the variations in the genes coding for other 
potential inflammatory mediators and IDD, previously reported polymorphic sites in ten 
candidate cytokine genes (IL1A, IL1B, IL1RN, IL2, IL4, IL4R, IL6, IL10, TNFA and 
IFNA) were genotyped in the 155 patients and 179 controls. Variations on IL1A, IL1B, 
IL6 and TNFA were detected by mutation screening of the genes and other SNPs were 
selected based on previous publications. Significant differences were observed in the 
allele frequencies between the patients and controls for the IL6 polymorphism (+15 T>A 
in exon 5; p = 0.007). In addition, the -597 g>a and -174 g>c changes in IL6 showed 
evidence of an association, but did not remain statistically significant after correcting for 
multiple testing (Table 4 in the article II). The genotype frequencies of the +15 T>A 
variation in exon 5 of IL6 differed as well between patients and controls. The AA or AT 
genotype was found in 13 out of 133 patients (9.8%), whereas only 3 out of 124 controls 
(2.4%) had these genotypes (p = 0.011). The corresponding attributable risk AR for the 
presence of the A allele was 7.5% (95% CI = 1.6-13.1%) and OR 4.4 (1.2-15.7). 

5.2.4  Haplotype analysis 

For those loci with more than one polymorphism, haplotypes were generated. Haplotype 
frequencies for the five IL1 marker loci (-889 c>t in IL1A, -31 t>c, IVS4-64 g>a and 
3954 C>T in IL1B, and VNTR in IL1RN) were tested using various combinations of the 
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SNPs. No significant differences were observed in the haplotype frequencies. Similar 
analysis was performed for the five IL6 marker loci. The haplotype including all five 
polymorphisms (-597 g>a, -527 g>c, -174 g>c, and +15 T>A and +132 C>T in exon 5) 
did not show a significant effect, but when four SNPs (-597 g>a, -527 g>c, -174 g>c, and 
+15 T>A in exon 5) were tested, a significant difference in the haplotype frequency was 
observed (p = 0.012). Six of the possible 16 haplotypes were observed, with the GGGA 
haplotype being more frequent in the patients with p = 0.011 and OR = 4.8 (95% CI = 
1.6-14.5; Table 8).  

Table 8. Estimated haplotype frequencies and associated odds ratios for the four IL6 
sequence variations. 

Haplotype Patients Controls OR 95% CI 
AGCT 0.4693 0.5438 0.74 0.54-1.00 
GGGT 0.4541 0.3946 1.28 0.94-1.75 
GGGA 0.0520 0.0113 4.80 1.59-14.45 
GCGT or GGCT or 
AGGT 

0.246 0.0503 0.48 0.21-1.17 

To evaluate the attributable risk, haplotype pairs (genotypes) were assigned to the 
individuals. The GGGA/GGGA or GGGA/other genotypes were overrepresented in 
patients with a corresponding OR of 5.4 (1.5-19.2). The association of GGGA with the 
disease was highly significant (p = 0.0033), and the associated AR was 6.8 (1.9-11.5%). 

5.3  Genetic variations in CILP in Finnish and Chinese patients with 
IDD and disc degeneration (III) 

5.3.1  Clinical and radiological findings 

A clinical and radiological presentation of the Finnish group of patients and controls has 
been previously described (see 5.2.1). The definition of IDD in the Chinese subset was 
different from the one in the Finnish population, since the individuals of the Chinese 
sample set were classified only by MRI findings, classification being independent of 
symptoms. The Chinese sample set was divided into two groups based on the radiological 
findings, so that individuals with scores above median age-adjusted scores were classified 
as cases (n = 348) and those with scores below formed the group of controls (n = 343). 

5.4  Mutation screening of CILP in the Finnish subgroup 

Firstly, the recently reported SNP, +1184T>C in exon 8, associated with lumbar IDD was 
analyzed by sequencing from all the 243 patients and 259 controls. The analysis of exon 
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8 revealed that CILP +1184 T and C alleles were identified equally both in the patient and 
control groups, as the frequency of the T allele was 0.39 in the patient group and 0.44 in 
the control group. The frequencies of the different genotypes did not differ either between 
the two groups. Second, we considered the possibility that there is a true association 
between the CILP gene and IDD, but that the actual disease associated variant had not 
been identified yet. To test this, the promoter region, exons, and exon boundaries of CILP 
were amplified by PCR and analyzed for sequence variations by sequencing from 48 of 
243 patients. If a sequence variation was found, 48 of 259 control samples were analyzed 
for the variations. If a difference in the frequency of a sequence variation was noted 
between the patients and the controls, the rest of the samples were analyzed for the 
presence of the variations. Altogether six sequence variations were detected in the 
analysis of the CILP gene. None of the detected sequence variations were disease 
causing, as they were observed equally both in patients and in controls. Five of the six 
variations were intronic, and a neutral variation, G to A change (+3496), was found in 
exon 9. The allele frequencies did not differ significantly between the two groups. 

5.4.1  SNP genotyping in the Chinese subgroup 

Two SNPs within CILP (+1184 T to C in exon 8 and rs1561888) and two in the genes 
flanking CILP, rs3784447 in RASL12 and rs4776680 in PARP16, were genotyped in the 
Chinese sample set. All four SNPs were in Hardy-Weinberg Equilibrium in both cases 
and controls. We observed no significant allelic association for the four SNPs with IDD. 
The functional SNP (+1184 T to C in exon 8) appeared with an OR of only 1.19 (95% CI 
0.88-1.63).  

The frequencies of the corresponding genotypes did not differ between the two groups 
either. Furthermore, the results remained similar when more extreme cut-offs were used 
for defining cases and controls, and when the age-adjusted scores for SNP +1184 T to C 
in exon 8 were treated as a continuous variable in a regression analysis using ANOVA 
(F=0.112 with a P-value of 0.74). Table 9 presents the allele frequencies of the functional 
SNP of the CILP in the Finnish and Chinese study populations. 

Table 9. Allele frequencies of the functional CILP +1184T→C SNP in the Finnish and 
Chinese samples. 

 Cases Controls P-value 
C 0.61 C 0.56 Finnish 
T 0.39 T 0.44 

0.14 

C 0.14 C 0.13 Chinese 
T 0.86 T 0.87 

0.71 

C 0.15 C 0.14 Chinese (extreme) 
T 0.85 T 0.86 

0.93 
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5.5  Linkage analysis in the Finnish IDD families 

Seventy-three family members were indicated as affected, of whom 30 had been operated 
for herniated disc and the rest were classified as affected on the basis of the information 
obtained by the interview and the collected questionnaire. Additional support for the 
diagnoses was obtained from the MRI scans. Forty-eight family members were classified 
as unaffected. For the rest of the individuals (n=65), the required information was not 
available or the affection status was not unambiguous (Table 10). 

Table 10. Clinical characterization of individuals divided into affected and unaffected 
family members 

 Affected (n=73) Unaffected (n=48) Unknown (n=65) 
Operated for herniated 
disc 

30 (41%) 0 (0%) 0 (0%) 

Sciatica episodesa 73 (100%) 0 (0%) 0 (0%) 
MRI positiveb 73 (100%) 12 (25%)c 12 (18%)d 

Males 38 (52%) 24 (50%) 30 (46%) 
aSciatica defined as pain radiating from the back into the leg. Sciatica episode had to last for at least two weeks; 
bMRI findings were considered positive in the case of any herniation or a degenerated intervertebral disc with 
disc height reduction as a radiological sign of a possible past disc herniation; cIndividuals with MRI findings 
considered positive, but no symptoms; dIndviduals with positive MRI findings and non-specific symptoms such 
as low back pain, and no sciatica episodes. 

5.5.1  Genome-wide screen and fine mapping 

The genome-wide analysis revealed ten interesting loci giving LOD scores >1 on 
chromosomes 3, 6, 7, 10, 11, 15, 16, 20, 21 and 22 (Figure 5). In addition, chromosome 4 
was included in the fine mapping because it contained plausible candidate gene vitamin 
D binding protein (DBP). 
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Fig. 5.  Genome-wide linkage analysis. Two-point LOD scores allowing for heterogeneity 
(HLOD) were computed for dominant and recessive modes of inheritance, taking the higher 
of these two scores (max. HLOD on the Y axis) along each chromosome (X-axis). 

The first fine mapping resulted in identification of three interesting loci (chromosomes 4, 
6, and 21) with LOD scores exceeding the threshold of LOD 2, often used as a criterion 
for suggestive linkage. The rest of the chromosomal regions with LOD <2 were left out 
from the further analysis. The highest peak was obtained on chromosome 21 with a 
maximum two-point LOD score of 2.71 (alpha=0.71) at a recombination fraction of 0.0 
for locus D21S1257 (Figure 6). The second highest peak was found on chromosome 4 
with a maximum two-point LOD score of 2.36 at a recombination fraction of 0.0 for 
locus D4S399 (alpha=1.0). The third highest peak was found on chromosome 6 with a 
maximum two-point LOD score of 2.04 (alpha=0.5) at a recombination fraction of 0.00 
for locus D6S294. All of these maximum two-point LOD score were detected under 
dominant model. The maximum overall multipoint LOD score of 2.73 occurred at 
position D6S294 as a result from the first fine mapping. The second highest multipoint 
peak was found on chromosome 21 with a maximum multipoint LOD of 1.74 at marker 
D21S1257. The third highest maximum multipoint LOD of 1.63 was found on 
chromosome 4 at marker D4S392.  

Four additional families were included in the second fine mapping, which meant that a 
total of 186 individuals were genotyped for 24 microsatellites and 29 SNP markers on the 
chromosomes identified in the first fine mapping: 4, 6 and 21. The second fine mapping 
resulted in identification of an overall highest two-point LOD score of 2.06 (alpha=1) that 
was detected under a dominant model on chromosome 21 at marker D21S1922 (Figure 
7). For chromosome 4 a maximum two-point LOD score was 0.99 at marker D4S3018 
and for chromosome 6, 1.92 at marker D6S291, both under a recessive model. After the 
second fine mapping, the maximum overall multipoint LOD score of 2.07 occurred at 
marker rs64727 on chromosome 21. On chromosome 6, the maximum multipoint LOD 
was 0.54 at marker D6S249. The highest maximum multipoint LOD of 0.26 on 
chromosome 4 was found at marker D4S3018.  

0

0,5

1

1,5

2

2,5

1 3 5 7 9 11 13 15 17 19 21 23

M
ax

H
LO

D

Chromosome

DOM

REC



 54

Fig. 6.  Chromosome 21. First fine mapping was performed for the original family set with 10 
families. Two-point LOD scores allowing for heterogeneity (HLOD) were computed for 
dominant and recessive modes of inheritance, taking the higher of these two scores 
(maxHLOD on the Y axis) along each chromosome (X-axis). 

Fig. 7.  Chromosome 21. Second fine mapping was performed for both the original and 
extended family sets with 14 families. Two-point LOD scores allowing for heterogeneity 
(HLOD) were computed for the dominant and recessive models of inheritance, taking the 
higher of these two scores (two-point maxHLOD on the Y-axis). X-axis represents the map of 
markers on each chromosome included in the linkage analysis. 

After the genome-wide scan and two fine mappings the chromosome 21 was the only 
one left with LOD >2. Therefore the further analyses were carried out on chromosome 21 
as the most promising region. The TDTae test showed that SNP rs716195 (located 
approximately 4.4Mb from D21S1922) significantly associated with the disease even 
after correcting for multiple testing with the FDR test (p<0.001). 
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5.6  Case-control studies 

When allele frequencies were compared between the cases and controls, a significant 
point-wise difference for marker D21S265 was found (p=0.0185). It did not, however, 
remain significant after correcting for multiple testing. The two-sample t-test for each of 
the 7 microsatellite markers revealed point-wise significant differences for three of the 
microsatellite markers: D21S1909 (p=0.011), D21S1258 (p=0.025) and D21S1909 
(p=0.034). In addition, the logistic regression revealed that an overall p-value trended to 
significance (p=0.057), and SNP marker rs2829165 appeared as a point-wise significant 
indicator (p=0.031). 

5.6.1  Analysis of ADAMTS-1 and ADAMTS-5 

Based on the results of the fine mapping, two candidate genes, ADAMTS-1 and 
ADAMTS-5, in the region suggesting linkage on chromosome 21 were analyzed in 34 
affected family members selected from families showing linkage to chromosome 21. All 
exons, exon boundaries, and promoter regions were amplified by PCR and analyzed for 
sequence variations by conformation sensitive gel electrophoresis (CSGE). If a variation 
was identified, the rest of the family members were genotyped as well. If a variation 
appeared more often in the affected family members than in the unaffected ones, allele 
frequencies were evaluated in the case-control population. It was also tested wheather the 
variation and phenotype segregated together, but that was not the case. Altogether, 
thirteen sequence variations were identified and they were observed with similar 
frequencies in both affected and unaffected individuals.  



6 Discussion 

6.1  The role of environmental and genetic factors in symptomatic, 
recurrent IDD characterized by sciatica in light  

of the present findings 

IDD is a complex disease with several environmental and inherited factors involved in its 
pathophysiology. The role of whole-body vibration and occupational motor vehicle 
driving in increasing the risk of IDD has been demonstrated repeatedly, and it has been 
suggested that occupational exposure to vibration causes damage to the intervertebral 
disc, resulting in disc degeneration and herniation (Bovenzi & Hulshof 1999). A recent 
study of the effects of occupational driving in Finnish male monozygotic twin pairs by 
Battié and others (2004), however, suggested for the first time that although driving may 
worsen back symptoms, it does not damage the disc itself, since disc degeneration did not 
differ between the occupational drivers and their twin brothers.  

The roles of all the previously identified genetic risk factors for low back disorders 
were studied in 150 male train engineers and 61 male sedentary workers. The present 
results identified a greater risk of symptoms suggesting IDD among the train engineers, 
who had been exposed to vibration for several years. In addition, an additive effect of 
vibration and genetic risk factors for symptoms suggesting IDD was observed. To date, 
not much is known about gene-environment interactions in low back disorders, although 
there is one study that has reported the synergistic effect of the COL9A3 polymorphism 
and persistent obesity to increase the risk for intervertebral disc degeneration (Solovieva 
et al. 2002).  

Contrary to previous studies, the results indicated that only one of the single 
polymorphisms, IL1A -889, was associated with the disease status (IDD-phenotype vs. 
"asymptomatic" group) independently (p=0.01). The lack of association of the rest of the 
analyzed SNPs may be due to the design of the present study. The study population 
consisted of an occupational sample of males in contrast to most of the previous studies 
where the cases had been derived from selected, "enriched" patient populations with more 
severe IDD cases seeking medical care. Concerning most of the studied SNPs, the lack of 
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association here may be due to the difference in the population and phenotype definition. 
The phenotype definition of IDD is challenging and varies between different studies. The 
range of the phenotype definitions of the studies cited for the analysis of the present study 
vary from self-reported lower back pain to radiologically detectable disc degeneration and 
symptomatic IDD characterized by sciatica. In addition, although many of the IDD 
association studies have been replicated, it may well be that the associations are relatively 
weak in a population-based design.  

The COL9A2 and COL9A3 tryptophan alleles have been reported to associate with 
symptomatic IDD in the Finnish population. The lack of association between the 
COL9A2 and COL9A3 polymorphisms and IDD in the present study is therefore likely to 
be caused by the relatively small sample size. Perhaps an association between these 
polymorphisms and IDD symptoms would have been found in a larger population-based 
sample.  

The allele frequencies of the SNPs were also analyzed in the two occupational groups 
separately (data not shown). However, any interactions between SNPs and exposure to 
whole-body vibration were not detected. This lack of gene-environment interactions is 
also likely to be due to the small sample size.  

The clustering of the study subjects based on the self-reported symptoms resulted in 
the identification of four clusters. Cluster "4" designated as the "IDD-phenotype" and 
cluster "1" as "asymptomatics". Clusters "2" and "3" represent those in-between these 
two extreme clusters. In the final analysis the genotypes and allele frequencies were 
compared between the two extreme groups and therefore it is not known how the two 
excluded clusters would have influenced the results. Clusters "2" and "3" included 
individuals with some lower back symptoms (i.e. lower back pain symptoms at some 
timepoint), but not severe enough symptoms to be included to the IDD-cluster in the LCA 
analysis. 

The two extreme clusters differed with respect of subjects' mean age as the individuals 
in the IDD-phenotype group were significantly older compared to the asymptomatic 
group (mean age 47.7 vs 46.0). However, age was not included as a confounder in the 
statistical method used. Therefore, perhaps another statistical model would have been 
appropriate. 

In case of IL1A, the TT genotype of IL1A -889 has been shown to significantly 
increase the transcriptional activity of the IL1A gene (Dominici et al. 2002) and IL1-β 
protein levels (Hulkkonen et al. 2000). Carriage of the IL1A -889T allele was associated 
with an almost 4-fold increase in IL1-α protein levels in patients with periodontal disease 
(Shirodaria et al. 2000). IL1-α together with other pro-inflammatory cytokines increases 
the production of matrix metalloproteinases, nitric oxide, and prostaglandin E2, and 
therefore mediates pain and enhances sensitivity to other pain-producing substances 
(Kang et al. 1996, Takahashi et al. 1996). The production of IL-1 by human intervertebral 
disc (IVD) cells has been demonstrated previously only in cells from herniated tissue 
(Takahashi et al. 1996), and a recent study has indicated that both isoforms of IL-1, IL1-α 
and IL1-β, are produced in the degenerated and non-degenerated IVDs (Le Maitre et al. 
2005). IL-1 synthesized by native disc cells induces an imbalance between catabolic and 
anabolic events, and is therefore thought to play an important role in the pathogenesis of 
IVD degeneration. 
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There is evidence that manual material handling, bending/twisting of the trunk, and 
whole-body vibration can increase the risk of LBP (Hoogendoorn et al. 1999), and this is 
further supported by the present study by showing an increased risk for symptoms 
suggesting IDD in individuals with long-term exposure to whole-body vibration. One of 
the tested SNPs was statistically significantly associated with the IDD-phenotype. The 
results also suggested that both occupational and genetic factors jointly increase the 
likelihood of IDD. 

6.2  Inflammation and IDD 

Several studies have indicated that in addition to mechanical compression, inflammatory 
irritation plays a major role in sciatic pain. It has been shown that pro-inflammatory 
cytokines, such as IL-1, IL-6, and TNF-α, are produced at the site of herniated IVD 
(Kang et al. 1996, Takahashi et al. 1996, Burke et al. 2002). In addition, there is evidence 
that the application of nucleus pulposus to nerve roots or dorsal ganglia can induce 
inflammatory irritation without mechanical compression. Several studies have suggested 
that the inflammatory factors to play an important role in IDD, and recent studies have 
reported an association between LBP and the IL1A polymorphism, -889 c>t, and between 
disc degeneration and polymorphisms in IL1B, c.3954C>T, and IL1RN, c.1812G>A 
(Solovieva et al. 2004a, Solovieva et al. 2004b). 

Here, the role of genetic variations in several genes coding for inflammatory mediators 
was analyzed in 155 Finnish individuals with IDD characterized by sciatica and in 179 
controls. The study did not identify structural mutations in four major pro-inflammatory 
cytokine genes, IL1A, IL1B, IL6 and TNFA. However, an association was identified 
between IL6 sequence variations, -597 g>a, -174 g>c and +15 T>A in exon 5, and the 
disease. This is interesting since the G allele of the -174 variant has been previously 
reported to associate with increased expression and plasma levels of IL-6 (Fishman et al. 
1998). The +15 T>A variation in exon 5 changed an amino acid from Asp to Glu. This 
SNP is unlikely to be disease-causing, but may be in strong linkage disequilibrium with 
the functional mutation some distance away from it. In the next phase, haplotypes were 
generated for those loci with more than one polymorphism with various marker 
combinations. In addition to allelic association, the association was also seen in the 
haplotype analysis. Specific haplotype GGGA (-597 g>a, -572 g>c, -174 g>c and +15 
T>A in exon 5) was strongly associated with IDD. These findings are interesting, since it 
has been previously demonstrated that genetic variations in IL6 exhibit a cooperative 
influence on transcriptional regulation of the gene (Terry et al. 2000). More specifically, 
it has been shown that four promoter polymorphisms of IL6 (-597 g>a, -572 g>c, -
343AnTn, and -174 g>c) influence transcription through a complex mechanism 
determined by the haplotype. The G alleles of the three markers were associated with 
increased transcription of IL6. Although the function of the +15 T>A variation in exon 5 
of IL6 has not been studied earlier, it is possible that the haplotype GGGA is also 
associated with increased production of IL-6.  

IL-6, together with IL-1α, IL-1β, and TNF-α, are among the most potent pro-
inflammatory and catabolic cytokines released as a consequence of cell or tissue damage 
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(Choy & Panayi 2001, Benoist 2002). In addition, IL-6 has been shown to be produced at 
the site of herniated lumbar disc (Kang et al. 1996, Takahashi et al. 1996, Burke et al. 
2002). As a result of the increased production of pro-inflammatory cytokines, herniated 
IVDs produce matrix metalloproteinases, nitric oxide, and prostaglandin E2, which have 
been shown to mediate pain or to enhance sensitivity to other pain-producing substances 
(Kang et al. 1996, Takahashi et al. 1996). Although it is obvious that IL-6 is not the sole 
pro-inflammatory cytokine in the pathogenesis of IDD, the finding that the sequence 
variations in IL6 are associated with IDD further supports the important role of IL-6 in 
the mediation of sciatic pain. In addition, this information may be valuable in the future 
in identifying individuals who would benefit most from the anti-inflammatory treatments.  

6.3  Genetics of IDD –problems and lessons learned 

Over the past decades, several gene defects causing human diseases have been identified. 
This has been the case especially concerning Mendelian diseases, in which the disease is 
caused by variation(s) in a single gene or chromosomal locus. The identification of the 
genes involved with the pathophysiology of more common, complex diseases has been 
and still is a challenging task. IDD is an example of a multifactorial disease, caused by 
several factors whose functions are not well understood. Based on family and twin 
studies, it is clear that IDD has a strong inherited component (Varlotta et al. 1991, Matsui 
et al. 1992, Scapinelli 1993), but so far the common genetic cause(s) has not been 
identified.  

Multifactorial diseases typically vary in the age of onset and severity of the symptoms, 
resulting in a major challenge in phenotype definition and study population selection. 
Also, the definition of IDD varies from one study to another. Some studies rely more on 
radiologically detectable degenerative findings, whereas some studies point out the 
importance of medical history and self reported pain. Mostly, however, IDD is defined on 
the basis of symptomatic disease. The classification of the present studies mainly relies 
on symptomatic disease, primarily identifying the individuals with recurrent symptoms. 

The genetic structure varies between different populations. This leads to the situation 
where the pattern of genetic variations involved in the pathophysiology of multifactorial 
diseases, such as IDD, are likely to differ in different populations. Ethnic variance was 
further highlighted in the present study of variations in the CILP gene in association with 
IDD. A recent study identified a functional SNP in CILP (c.1184 T>C) associated with 
IDD in the Japanese population. The change results in the amino acid substitution, 
Ile195Thr. CILP is expressed widely in the IVDs and its expression increases when 
degeneration progresses (Seki et al. 2005). CILP interacts directly with TGF-β1, 
inhibiting the TGF-β1-mediated induction of extracellular matrix proteins such as 
aggrecan and collagen II. Functional studies showed that the C allele (coding for Thr395) 
increased the binding and inhibition of TGF-β1, suggesting that regulation of TGF-β1 
signaling by CILP plays a crucial role in the etiology and pathogenesis of LDD (Seki et 
al. 2005). Here, the SNP was studied in 243 Finnish patients with IDD and 259 Finnish 
controls. In addition, 348 Chinese individuals with degenerative MRI findings and 343 
Chinese study subjects without signs of considerable degeneration were genotyped for 
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the SNP. No association was found in either of the study populations. In the Finnish study 
set, the recruitment criteria were very similar to the Japanese study. Therefore, it is 
reasonable to assume that the lack of association between the CILP polymorphism and 
IDD in the Finnish study set may reflect ethnic differences. It is notable that the allele 
frequencies were very different in the Caucasian population compared to the other two 
studied populations. The frequency of the C allele was almost the same in the Japanese 
and Chinese control populations, 0.17 and 0.13, respectively, whereas in the Finnish 
study set the corresponding frequency of C was as high as 0.56. The results further 
suggest that the genetic risk factors for IDD are likely to be different in the Japanese and 
Northern European populations. Smaller ethnic differences were expected between the 
Japanese and Chinese, and it was also reflected by smaller differences in the allele 
frequency of the SNP. The major difference between those two study sets was that the 
definition of IDD differs between the two populations; the Japanese study bases in their 
classification on symptomatic disease, whereas the Chinese classification defines IDD 
according to MRI findings. The lack of association between these two populations 
suggests that CILP is more likely to be related to symptomatic herniations and pain. The 
possibility that the Japanese sample set represents an even more severe subset of the 
disease was considered and the subset of 45 Finnish patients who had undergone surgical 
treatment for herniated IVD were analyzed separately. No association was found either in 
this subset. The Chinese sample set was recruited from the general population of Hong 
Kong by an open invitation which may have led to selection bias. However, the evaluated 
MRI scans included a large number of non-degenerated lumbar spines, which speaks 
against major selection bias (Karppinen, personal communication). 

We were not able to replicate the Japanese finding of an association between the 
variation in CILP and IDD. The replication of a genetic association in multifactorial 
diseases has been under discussion lately. Several factors, including ethnics and 
phenotype differences, affect the outcome, and while complex diseases are likely to be 
caused by mutations in several genes, the replication of an association is not often 
reached in different populations. Altogether thirteen genetic variations have been reported 
to associate with low back disorders, including IDD, disc degeneration, LBP, OPLL, and 
LSS. However, many of the associations have not been replicated even though there is 
strong evidence of association and functional effects of many of these mutations. In the 
future, it is important to pay attention to the phenotype definition in different populations. 
In the ideal situation, a world-wide standardization of the recruitment criteria would be 
created to equalize the phenotypic matter of study subjects.  

6.4  Genome-wide mapping for chromosomal loci of IDD gene(s) 

Even though the candidate gene strategy has been widely used to identify gene defects 
associated with IDD, a common cause has not yet been found. In general, linkage 
analysis has proven useful particularly in the mapping of monogenic diseases. It has, 
however, also been used successfully also in complex diseases such as type II diabetes, 
asthma, multiple sclerosis, and OPLL in rare multiplex families (Mahtani et al. 1996, 
Kuokkanen et al. 1997, Tanaka et al. 2003, Laitinen et al. 2004). Several linkage studies 
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have been conducted on the common musculoskeletal disorder, OA, affecting synovial 
joints. These studies have indicated susceptibility loci for OA on several chromosomes, 
of which linkage has been replicated on chromosomes 2, 11, and 16, suggesting that at 
least these loci are likely to harbor OA susceptibility genes (Loughlin 2003, Spector & 
MacGregor 2003). In the case of OA linkage studies, it is reasonable to assume that 
genetic differences between study populations and the use of different recruitment criteria 
may result in study-specific linkages (Loughlin 2003). In several linkage studies, it has 
been observed that the genetic homogeneity of the population may offer advantages for 
the mapping of complex genetic traits (Peltonen et al. 1999, Peltonen 2000, Kere 2001, 
Norio 2003). For this reason and to maximize the genetic homogeneity, all the families 
and the separate case-control set were recruited for the present study were from the same 
geographical region of Finland (Oulu University Hospital catchment area).  

We report here the first putative susceptibility locus for IDD in Finnish families on 
chromosome 21q with a candidate region of 5.5 cM. This region indicated the best 
evidence for linkage after a genome-wide scan and two fine mappings with a maximum 
two-point HLOD of 2.71. In addition, this result was further supported by two-point LOD 
scores of the markers next to the marker in question (see Figure 6). Additional support for 
linkage was obtained from the point-wise significant associations in allele frequencies 
between patients and controls. In the second phase of the fine mapping, additional 
families were recruited to the study in an attempt to increase the statistical power. 
However, the effect seemed to be controversial, with two-point LOD scores lower when 
analyzed in the extended study set. After the second phase of fine mapping, the maximum 
HLOD was 2.06 on chromosome 21. There are several possible reasons for this. Even 
though the recruitment criteria of this study were rather strict and the families were 
carefully evaluated both in the first and second recruitment, and diagnosis confirmed by 
MRI, it is possible that the phenotype slightly differs between the families. In addition, it 
is presumable that the genetic background of IDD is not the same in all the cases, even 
with clinically similar phenotypes. IDD is obviously caused by a mix of several genetic 
and environmental factors, and therefore it is not reasonable to expect that there is only 
one genetic locus for the disease. It is possible that in the 14 families analyzed here the 
genetic pattern behind an increased risk for IDD differs, and therefore the LOD scores are 
not greater. Although, in the present study the further analysis was concentrated on 
chromosome 21 as the most promosing region, also chromosome 6 is worth more 
intensive research in the future. It is possible that families with slightly different 
phenotypes are linked to different chromosomes and for this reason it may useful to study 
even smaller phenotype subgroups of the families.  

It is also notable that the multipoint LOD scores did not support the findings obtained 
in the two-point analysis. This may be due to the fact that the analysis models assumed 
for complex diseases are often unrealistic and therefore multipoint analysis tends to 
reduce power (Risch & Giuffra 1992). Other possible reasons for low multipoint LOD 
scores, such as genotyping error, marker mutation or non-optimal model, can not be 
excluded either.  

Since this is the first linkage study of IDD, there are no comparable results for 
chromosomal loci showing putative linkage. However, a recent linkage study of OPLL, a 
common cause for lumbar spinal stenosis in elderly eastern Asia populations, identified a 
locus for the disease on chromosome 21q. OPLL is characterized by ossification of the 
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spinal ligament, resulting in compression of the spinal cord and leading to various 
degrees of myelopathy. The best evidence for linkage in the study was detected near 
D21S1903 with a maximum LOD score of 3.97. However, the linkage region (LOD > 2) 
spanned approximately 30 cM (Tanaka et al. 2003). Interestingly, the OPLL susceptibility 
locus overlaps partly with the locus indicated in the present study.  

Due to the fact that IDD is a complex disorder with a number of factors implicated in 
the disease process, the mechanism of IDD is still largely unknown and choosing 
candidate genes for IDD is very demanding. There are several genes located on the 5.5 
cM IDD susceptibility locus on chromosome 21q whose function and expression are 
largely unknown. Given the physiological relevance of the genes, we chose to analyze 
two candidate genes, ADAMTS-1 and ADAMTS-5, which belong to a family of 
extracellular proteases. ADAMTS (a disintegrin and metalloprotease with 
thrombospondin motifs) is a novel family of extracellular proteases found in both 
mammals and invertebrates (Tang 2000). Three members of the ADAMTS family of 
proteinases, ADAMTS-1, ADAMTS-4 and ADAMTS-5, have been identified as 
aggrecanases. These metalloproteinases cleave the Glu373-Ala374 bond of aggrecan core 
protein and play an important role in the early stages of cartilage destruction in RA and 
OA (Nagase and Kashiwagi 2003). The activity of these aggrecanases has been 
demonstrated to be relevant to cartilage degeneration in inflammatory joint diseases 
(Tang 2000). In addition, ADAMTS-1 has been suggested as the first matrix-degrading 
enzyme down regulated by the catabolic factor IL-1 beta in vitro (Wachsmuth et al. 
2004). This is very interesting, since the function of aggrecan and matrix 
metalloproteinase-3 have been suggested to play a role in the pathogenesis of disc 
degeneration (Kawaguchi et al. 1999, Takahashi et al. 2001). However, no significant 
association was found between LDD and the thirteen sequence variations observed in 
these genes. 

The results of this first genome-wide linkage study for IDD in the Finnish population 
indicates a putative IDD susceptibility locus on chromosome 21q. As always in genetic 
linkage studies, the replication of the linkage would be very important to confirm the 
finding. In addition, further genetic association studies within this locus must be 
undertaken to further map the region in order to identify the susceptibility gene(s) located 
in the chromosomal region. 



7 Conclusions and future prospects 

Intervertebral disc disease (IDD) is a common disease characterized by symptomatic 
lumbar disc herniation with or without sciatica. IDD has been shown to affect 
approximately 5% of the Finnish population, being one of the leading causes of disability 
in the working-age population. It has become evident that besides the known 
environmental and constitutional risk factors, there is a considerable genetic 
predisposition to IDD. 

 In the first part of the present study the known genetic risk factors were studied in an 
occupational sample of train engineers with exposure to whole-body vibration, and 
sedentary control population. The results support the role of long-term exposure to 
whole-body vibration as a risk factor for symptoms suggestive of IDD as the number of 
individuals belonging to the IDD group was higher among train engineers. The IL1A -
889T allele represented a risk factor for the symptoms suggesting IDD both in the single 
marker allelic association test and in the logistic regression analysis.  

It is probable that those individuals with genetically determined “weaker” discs are 
more vulnerable for IDD, with environmental risk factor(s) such as obesity or whole-
body vibration having an additive effect. In the following studies, in order to be able to 
detect all the gene-gene and gene-environment interactions, the study populations must 
be larger in scale.  

Another important factor in the mechanisms underlying IDD is the inflammatory 
response, which is genetically determined. Since it is known that disc degeneration and 
herniations occur also among asymptomatic individuals, it may be that the occurrence of 
symptoms may depend on the individual's systemic inflammatory response to mechanical 
insults. This is further highlighted by several studies indicating the crucial role of 
inflammation in symptomatic IDD. The present study identified a specific IL6 haplotype 
predisposing to sciatica, further supporting the important role of IL-6 in the mediation of 
sciatic pain. Certainly, we still far from understanding the mechanism by which 
inflammation contributes to sciatic pain. Also, the role and significancy of IL6 variations 
should be further studied in the other populations. However, this information may be 
valuable in the future in identifying individuals who would benefit most from anti-
inflammatory treatments.  
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In order to reveal the genetic pattern predisposing to IDD, world-wide collaboration is 
needed. Although it is clear that the genetic factors differ between populations, it is 
reasonable to assume that some crucial factors are universal. Here, an association 
between a functional variation in the CILP gene and IDD was not found in the Finnish or 
the Chinese population in contrast to the previous Japanese study. We have recently 
established collaboration with Japanese and Chinese research groups. There are already 
preliminary results from Japan and China of new significant associations between certain 
genetic variations and IDD in both populations, which we are currently replicating using 
a Finnish population. The Finnish and Japanese cohorts each contain a large array of IDD 
patients with symptomatic pain. The Chinese cohort, on the other hand, is recruited from 
the general population, and the IDD status assessed by MRI of the spine with clinical 
information relating to symptoms. Thus this large cohort contains symptomatic and 
asymptomatic individuals. Together, the assembly of this consortium offers a unique 
opportunity to address the genetics of IDD both from a symptomatic and asymptomatic 
perspective with added significance because the data will be obtained from three 
independent populations. The purpose is to perform a genome-wide association study to 
identify new genetic risk factors or modifiers, using the Chinese cohort with information 
relating to symptomatic and asymptomatic IDD. This approach will allow the 
identification of novel genes that could otherwise missed from a candidate-gene 
approach. The relevance of the identified genes will be evaluated and validated using the 
Finnish and Japanese cohorts. It would be fascinating to perform genome-wide 
association analysis and search for common disease loci and/or novel predisposing 
genetic variant(s) also in a large sample of Finnish cases and controls. This method 
would, however, require much more financial resources than available at the moment. 

It has become evident that in order to perform reliable association studies, large 
numbers of study subjects are required. To increase the Finnish study population, there is 
ongoing collaboration in the recruitment of new cases and controls. For future studies, at 
least five hundred clinically and radiologically well-characterized patients and a similar 
number of controls will be collected. This large scale study population will increase the 
statistical power for the association studies and allowes us to draw conclusions of the 
findings in population level more extensively. This case control cohort can be later on 
used in testing already identified genetic variations associating with IDD and also to 
confirm possible findings of the family based studies on population level.  

Although the candidate gene strategy is a widely-used working tool in identifying 
genetic factors for IDD, it is likely that mutations outside these candidate genes do 
contribute to the disease. In the identification of new loci, linkage analysis is a 
successfully used method particularly in the rare, monogenic diseases. Here, the first 
whole-genome linkage analysis of IDD is described. Analysis of fourteen Finnish 
families with history of IDD resulted in the identification of a susceptibility locus on 
chromosome 21. Two obvious candidate genes from the suggested locus were analyzed 
for mutations. The predisposing gene was not, however, identified. The challenge for the 
future is to further map the promising region and to search for plausible candidate genes 
within this region. There are several tools, such as SNP microarrays, that could be used in 
the further dense mapping of the promising chromosomal regions. SNP microarrays 
provide an efficient tool for studying several genetic variations in multiple samples 
simultaneously, and could therefore be used for dense mapping of the susceptibility 
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choromosomal loci. In addition, the traditional candidate gene approach should be 
continued. There are several genes located in the susceptibility locus on chromosome 21. 
The function of these genes should be carefully evaluated based on the information 
available on their function and all the plausible candidate genes analyzed. The problem is, 
that disease associated genes are not necessarely “logical” candidates by their known 
function and might therefore be missed. The analysis of candidate genes should be 
performed systematically, with screening of all the exons, exon boundaries, and promoter 
regions of the genes. In addition, it is known that variations in intronic or enhancer 
regions of the gene may have severe effects on the splicing and/or expression of the gene, 
and for that reason also these regions should be screened to be accurate. Another 
interesting point to be further studied is the plausible linkage of different families on 
different chromosomes. It is possible that part of the families are linked to chromosome 
21 whereas some other families to chromosome 6 for instance. A subgroup analysis based 
on the possible slight differences in the phenotypes of the families could be working 
application in the future.  

The findings of this thesis provide new information on the etiology and pathogenesis 
of intervertebral disc disease. However, there is still an enormous amount of work to be 
done in order to understand the disease mechanism completely and to develop more 
specific tools for the treatment of the disease. 
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